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Título de la Tesis Doctoral: Modelos animales para el estudio de factores de 
vulnerabilidad en el contexto de desórdenes neuropsiquiátricos y de adicción a drogas 
 
Durante la maduración del organismo han sido descritos periodos críticos, o lo 
que es lo mismo, “ventanas de vulnerabilidad”, en las que el individuo, y más 
particularmente su cerebro, están en pleno desarrollo y durante los cuales ciertas 
influencias tanto ambientales como farmacológicas pueden provocar cambios 
neuroendocrinos y conductuales a largo plazo. Por ejemplo, la separación o el abandono 
por parte de los progenitores, el estrés social, la presencia de abusos físicos o sexuales, 
o el consumo abusivo de drogas en determinadas etapas de la vida se relacionan con la 
aparición de alteraciones del desarrollo de varios sistemas neurobiológicos y pueden ser 
la causa de alteraciones estructurales y funcionales a largo plazo en el cerebro tanto en 
los seres humanos como en los animales. Uno de los modelos animales mejor 
estudiados de estrés en etapas tempranas de la vida es la separación materna temprana 
(SM) que consiste en separar a la madre de sus crías durante 24 horas a día postnatal 
(DP) 9 y que ha sido intensamente caracterizado en nuestro grupo. Sin embargo, y en 
contraste con otros modelos de estrés perinatal temprano, no existe apenas información 
sobre las posibles alteraciones que pueda producir este modelo de SM sobre los efectos 
de las drogas de abuso a largo plazo. 
El inicio de consumo de drogas suele producirse durante el periodo 
periadolescente, debido, entre otros factores, a los cambios emocionales que sufre el 
cerebro adolescente y a las conductas características de esta etapa del desarrollo, tales 
como la búsqueda de novedad o de “sensaciones nuevas”, el aumento en la frecuencia 
de conductas de riesgo y una mayor impulsividad. Durante esta etapa de la vida se 
produce la maduración y reorganización de la mayor parte de los sistemas de 
neurotransmisión y estudios experimentales en modelos animales de adolescencia 
apoyan la idea de que esta etapa del desarrollo representa otra “ventana de 
vulnerabilidad”. De hecho es en torno a este período de la vida cuando debutan 
síntomas de diversas enfermedades psiquiátricas, incluida la adicción. 
RESUMEN 
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La adicción a drogas es un estado persistente caracterizado por una compulsión a 
buscar y consumir la droga, una pérdida de control en el límite del consumo, incluso 
cuando puede provocar importantes efectos deletéreos, y por la aparición de una 
sintomatología emocional negativa cuando no se puede acceder a la droga. Se sabe que 
el sistema dopaminérgico está íntimamente implicado en el desarrollo de adicción a las 
drogas, ya que la mayoría de éstas provocan un aumento de dopamina extracelular en el 
núcleo accumbens, sin embargo, existen estudios que demuestran la implicación de 
otros sistemas de neurotransmisión tales como el serotoninérgico, el GABAérgico, el 
opioide y el glutamatérgico. En los últimos años, además, se han acumulado evidencias 
acerca de la importante participación del sistema endocannabinoide (SEC) en la 
adquisición y mantenimiento de la conducta de consumo de drogas. 
El sistema endocannabinoide (SEC) es un sistema neuromodulador que está 
involucrado en una miríada de procesos fisiológicos, entre los que pueden destacarse el 
control motor, la analgesia, el aprendizaje y la memoria, la homeostasis emocional, la 
regulación del sistema inmunológico, la ingesta y el metabolismo energético. En lo que 
respecta a su implicación en la tolerancia y dependencia a las drogas de abuso, se sabe 
que la modulación genética o farmacológica del SEC induce cambios en los efectos 
reforzantes de las drogas y que el consumo de drogas produce alteraciones en el SEC, 
como por ejemplo, alteraciones en los niveles de endocannabinoides o en la expresión o 
actividad de los receptores cannabinoides.  
Uno de los problemas para el tratamiento de la adicción son las recaídas, 
fenómeno que puede darse meses e incluso años después del último consumo de la 
droga. Estas recaídas están normalmente relacionadas con etapas de estrés y/o ansiedad 
que hacen que afloren memorias relacionadas con la adicción y, por ende, el hábito de 
consumo de la droga. A este respecto, se ha visto que el SEC juega un papel prominente 
en los procesos de extinción de memorias, lo que convierte a este sistema en una diana 
terapéutica potencial para el aumento de la eficacia de una terapia de extinción para la 
adicción. Sin embargo, los modelos animales de extinción de memorias presentan una 
importante limitación, como es la imposibilidad de testar tratamientos crónicos. 
El primero de los objetivos de la presente Tesis Doctoral fue el de estudiar las 
posibles interacciones entre un estrés en edades tempranas del desarrollo, mediante el 
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uso del modelo de SM, y el consumo crónico de drogas en la etapa adolescente y sus 
relaciones con los desórdenes neuropsiquiátricos, incluida la adicción. Para ello, 
empleamos las drogas que con mayor frecuencia reportan haber consumido los jóvenes: 
el cannabis, el éxtasis y la cocaína. 
 En el primer experimento, ratas Wistar, de ambos sexos, fueron sometidas a la 
SM (24 horas a DP 9) y a un tratamiento crónico durante la adolescencia con el agonista 
cannabinoide CP-55,940 (CP; 0,4 mg/kg; DP 28-42) para mimetizar un consumo 
crónico adolescente de cannabis. Las respuestas tanto fisiológicas como conductuales a 
ambos desafíos fueron evaluadas en la etapa adulta. Los animales fueron sometidos al 
test de la inhibición prepulso (PPI; del inglés prepulse inhibition) de la respuesta de 
sobresalto y se analizó su actividad exploratoria en el tablero con agujeros (TCA) y sus 
niveles de ansiedad en el laberinto en cruz elevado (LCE). Además, se evaluó la 
reactividad adrenocortical en respuesta al estrés así como los niveles plasmáticos de 
leptina. Se midió, asimismo, la conducta materna antes y después del protocolo de SM. 
Observamos un aumento de la conducta materna, debida al protocolo de SM, tras la 
reunión de las crías con sus madres. En la etapa adulta, la SM pareció reducir la 
ansiedad o aumentar la conducta de riesgo en los animales macho, mientras que la 
exposición adolescente al agonista cannabinoide no produjo unos efectos conductuales 
significativos. En las hembras, la exposición adolescente al cannabinoide pareció 
promover conductas de búsqueda de la novedad y una disminución de la capacidad de 
atención en los animales adultos. Los rasgos de personalidad asociados con la búsqueda 
de novedad y la toma de riesgos podrían incrementar la probabilidad de consumo de 
diversas drogas de abuso. En conjunto, los presentes resultados sugieren que tanto la 
SM como un tratamiento cannabinoide durante la adolescencia podrían incrementar la 
vulnerabilidad a desarrollar ciertos trastornos psiquiátricos tales como psicosis o 
adicción a drogas. 
 En el estudio inmunohistoquímico del hipocampo de estos animales observamos 
que, en los machos, la SM produjo un incremento significativo del número de células 
positivas para la proteína glial fibrilar ácida (GFAP, del inglés Glial fibrillar acidic 
protein) en las áreas CA1 y CA3, así como en la capa polimórfica del giro dentado 
(GD). En estas dos últimas regiones, el tratamiento con CP tendió a contrarrestar el 
efecto de la SM. El tratamiento con CP causó, en los machos control no-separados, un 
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aumento significativo del número de células GFAP+ en la capa polimórfica del GD. A 
la vista de estos resultados, podríamos sugerir que los machos fueron más vulnerables 
que las hembras a los efectos que tienen sobre los astrocitos del hipocampo el protocolo 
de SM y el tratamiento juvenil con un agonista cannabinoide. En cuanto al receptor 
cannabinoide CB1, la SM produjo una disminución de la expresión de este receptor 
tanto en machos como en hembras. A su vez, el tratamiento adolescente con CP causó 
en los machos no-separados una disminución general de la inmunorreactividad a CB1, 
más marcada en CA1 y en la capa polimórfica del GD. Sin embargo, cuando se 
compararon las hembras no-separadas tratadas con CP con las no tratadas se observó en 
las primeras una tendencia a un incremento de la inmunorreactividad hipocampal por el 
receptor CB1. Los animales macho que recibieron ambos tratamiento mostraron una 
cierta “normalización” de la expresión hipocampal de CB1, lo cual nos indica la 
existencia de interacciones funcionales entre la SM neonatal y la exposición adolescente 
con un agonista cannabinoide. Este mismo tipo de interacción funcional se observó 
cuando estudiamos la expresión del factor neurotrófico derivado del cerebro (BDNF, del 
inglés Brain-derived neurotrophic factor), dado que la tendencia al aumento de su 
inmunorreactividad causada por el tratamiento con CP se vio contrarrestada por el 
protocolo de SM. Los presentes resultados resaltan la importancia funcional de los 
astrocitos y su interacción con el SEC respecto a las consecuencias a largo plazo de la 
exposición adolescente al cannabis. 
 En el siguiente experimento, utilizamos el paradigma de la preferencia 
condicionada de lugar para estudiar la influencia de la SM sobre los efectos reforzantes 
de la 3,4-metilendioximetanfetamina (MDMA) en animales adolescentes de ambos 
sexos. Los animales fueron condicionados con 2,5 mg/kg de MDMA durante el periodo 
periadolescente (DP 34-43) y se sacrificaron entre los DP 68 y 75. Nuestros resultados 
demuestran por primera vez que la SM reduce los efectos reforzantes de la MDMA de 
una manera sexo-dependiente, efecto que podría estar relacionado con las alteraciones 
observadas en los sistemas serotoninérgico y endocannabinoide. De hecho, los animales 
macho separados tratados con MDMA mostraron una reducción de los niveles de 
serotonina en corteza y en estriado, así como un aumento de la expresión hipocampal de 
receptores CB1, respecto a los no separados. 
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 Por último, investigamos las consecuencias de la SM y/o la exposición 
adolescente a cocaína sobre los receptores CB1 cerebrales y los receptores CB2 en 
tejido inmune. Se les administró a ratas Wistar control y separadas, de ambos sexos, 
cocaína (8 mg/kg/día) o solución salina durante la adolescencia (DP 28-42). En la etapa 
adulta, se emplearon técnicas de binding; unión de [3H]-CP-55,940 para el análisis de la 
densidad de receptor CB1 y unión de [35S]-GTPγS estimulada por CP-55,940 para el 
análisis de su funcionalidad; la expresión del receptor CB2 fue analizada por Western 
blot. Se encontraron diversas diferencias sexuales en la expresión y funcionalidad del 
receptor CB1, y se observó que la SM produjo relevantes y persistentes alteraciones 
sexo-dependientes. Además, el tratamiento adolescente con cocaína causó diversos 
cambios sobre el receptor CB1, y estos cambios se vieron diferencialmente 
influenciados por el estrés neonatal. La SM produjo un aumento de la expresión de 
receptor CB2 en el bazo mientras que la administración adolescente con cocaína atenuó 
tal efecto; la exposición a cocaína también produjo una disminución de la expresión del 
receptor CB2 en la médula ósea. Los presentes resultados demuestran la existencia de 
interacciones funcionales entre el desafío de la SM temprana y el tratamiento crónico 
con cocaína durante la adolescencia. En muchas regiones, los efectos observados fueron 
dependientes del sexo. 
 La segunda meta que nos propusimos en la presente Tesis Doctoral fue la de 
estudiar las consecuencias a largo plazo del consumo combinado de cannabis y éxtasis 
durante la adolescencia. Con este propósito, tratamos a ratas Wistar adolescentes, tanto 
machos como hembras, con dosis crecientes de ∆9-tetrahidrocannabinol (THC; 2,5, 5, 
10 mg/kg; i.p.) entre los DP 28 y 45 y/o con MDMA (dos dosis diarias de 10 mg/kg 
cada 5 días; s.c.) desde el DP 30 al DP 45. Observamos que la MDMA causó, en ambos 
sexos, una reducción de la exploración dirigida a estímulos en el TCA y un incremento 
de la exploración de los brazos abiertos en el LCE un día después del final del 
tratamiento farmacológico. A largo plazo, se observó una alteración de la función 
cognitiva, medida en el test de reconocimiento de objetos, debida al tratamiento con 
THC en las hembras, pero no en los machos. En el PPI, los animales macho y hembra 
tratados con MDMA mostraron una disminución del porcentaje de PPI a la mayor 
intensidad de prepulso testada (80 dB), mientras que la combinación de la MDMA con 
el THC ocasionó una disminución similar a 75 dB. El tratamiento con THC produjo una 
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disminución de la expresión hipocampal de la proteína asociada al citoesqueleto 
regulada por actividad (Arc; del inglés activity-regulated cytoskeleton-associated 
protein) en ambos sexos mientras que en el córtex frontal, esta reducción sólo se 
encontró en las hembras. Respecto a la inmunorreactividad de las fosfo-quinasas 
reguladas por señal extracelular (pERK, del inglés extracellular signal-regulated 
kinases), la MDMA indujo una regulación a la baja en el córtex frontal de los animales 
macho, pero no en el de las hembras. En el hipotálamo, el THC disminuyó los niveles 
de ARNm para la prepro-orexina en los machos, y este efecto se vio revertido en los 
animales que recibieron ambas drogas. Datos previos han sugerido que tras la 
administración aguda de THC y MDMA podría observarse una “compensación” de 
ciertos efectos. Sin embargo, el modelo animal utilizado en este estudio mimetiza los 
hábitos actuales de consumo por parte de los jóvenes adolescentes y puede ofrecernos 
una imagen más fidedigna de las consecuencias deletéreas del policonsumo que el 
empleo de experimentos con tratamientos agudos, en particular en lo que se refiere al 
cannabis y el éxtasis, que son combinados en una alta frecuencia entre los adolescentes. 
Mientras que algunos de los efectos deletéreos de una de las dos drogas pueden verse 
contrarrestados durante la exposición inicial a la droga, como por ejemplo la 
temperatura corporal; tras una exposición repetida las consecuencias a largo plazo 
parecen ser exactamente opuestas, es decir, los animales que reciben ambas drogas son 
los que se encuentran más gravemente afectados. 
 Cuando realizamos el estudio de ambos tratamientos sobre indicadores de 
neuroinflamación (células gliales) y de los sistemas serotoninérgico y 
endocannabinoide, encontramos que el tratamiento con THC produjo un aumento 
significativo de GFAP en ambos sexos. En los machos, ambas drogas, bien por 
separado o en combinación, causaron un aumento significativo del porcentaje de células 
de microglía reactiva (Iba-1). Sin embargo, en hembras, cada droga causó, por sí misma, 
una disminución de este porcentaje, mientras que la combinación de ambos tratamientos 
dio lugar a una “normalización” a los niveles de las hembras control. En ambos sexos, 
la MDMA produjo una disminución del número de fibras positivas para el transportador 
de serotonina y la combinación de ambas drogas revirtió tal efecto. Respecto al receptor 
CB1, el tratamiento con THC originó una reducción significativa de este receptor en las 
hembras, efecto que se vio agravado por la combinación con MDMA. 
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 Por último, quisimos caracterizar un modelo animal de miedo cuya respuesta de 
freezing, o respuesta conductual al miedo, no declinara tras varios días de extinción. 
Para ello, el día del condicionamiento, los animales fueron expuestos a un estímulo 
altamente aversivo, i.e. un shock eléctrico de 1,5 mA, y posteriormente a un protocolo 
de extinción en el que los animales fueron sometidos a un estímulo neutro continuo, i.e. 
un tono de 3 minutos de duración. Este protocolo de condicionamiento y posterior 
extinción nos permitió testar a los animales durante un periodo lo suficientemente 
amplio como para analizar el efecto de tratamientos farmacológicos crónicos sobre los 
procesos de extinción (administración del fármaco antes de las sesiones de extinción el 
primero, el segundo y el tercer día después del condicionamiento). Para investigar la 
participación del SEC en el proceso de extinción de la respuesta de miedo, tratamos a 
los animales con diversos moduladores de este sistema. Nuestros resultados demuestran 
por vez primera que el aumento selectivo del 2-araquidonilglicerol (2-AG) promueve la 
expresión de respuestas de miedo pasivas a través de los receptores CB1 situados en 
neuronas GABAérgicas. Por este motivo, para el tratamiento de trastornos psiquiátricos 
tales como las fobias, el estrés post-traumático o la adicción a drogas no deberían 
emplearse potenciadores no selectivos de los niveles de endocannabinoides. Es más, 
nuestros datos demuestran un efecto “yin-yang” de los receptores CB1, que en neuronas 
GABAérgicas promueven el miedo, mientras que en las glutamatérgicas alivian esta 
emoción. Por último, encontramos que el uso del inhibidor de la recaptación de 
endocannabinoides AM404 parece evitar los efectos de un aumento de los niveles de 
endocannabinoides en neuronas GABAérgicas, mediante un mecanismo dependiente de 
los receptores CB1 y TRPV1. 
Destacamos a continuación una serie de puntos que consideramos como 
contribuciones especialmente importantes de esta Tesis Doctoral 
- El estrés durante etapas tempranas del desarrollo puede modular los efectos del 
consumo crónico durante la adolescencia de diversas drogas de abuso, como son 
el cannabis, la cocaína y el éxtasis  
- La administración combinada de éxtasis y cannabis produce efectos negativos a 
largo plazo. Los modelos animales que mimetizan los patrones de consumo 
humanos de drogas de abuso aportan una información más exacta de sus efectos 
que los experimentos con administraciones agudas. 
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- El sexo, o el género, es un factor crítico que debe ser tenido en cuenta dado que, 
como muestran los resultados de esta Tesis Doctoral, la naturaleza y la intensidad 
de los efectos de los diversos tratamientos dependen claramente del sexo de los 
individuos.  
- La exposición a drogas de abuso en la adolescencia causa efectos deletéreos sobre 
las células gliales. Este impacto a largo plazo sobre este tipo celular, cuya 
interacción con las neuronas es fundamental para la correcta homeostasis cerebral, 
nos ayuda a comprender lo devastador de los efectos de la adicción a drogas. 
- No sólo la expresión del receptor CB1 puede verse afectada debido a un 
tratamiento farmacológico o de tipo ambiental, sino también su actividad. Por este 
motivo, es recomendable realizar la evaluación de la densidad y distribución del 
receptor así como de su funcionalidad para poder así ofrecer una visión más 
fehaciente de la naturaleza de los efectos de tales manipulaciones.  
- El aumento de los niveles de 2-AG promueve la expresión de respuestas pasivas 
de miedo a través de los receptores CB1 presentes en neuronas GABAérgicas. En 
este contexto, posibles intervenciones farmacológicas conducentes al tratamiento 
de trastornos psiquiátricos tales como las fobias, el estrés post-traumático o la 
adicción a drogas deberían evitar el uso de potenciadores no selectivos de la señal 
endocannabinoide. 
 
Lista de artículos originales que contienen los resultados descritos en la presente 
Tesis Doctoral: 
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López-Gallardo M, López-Rodríguez AB, Llorente-Berzal Á, Rotllant D, Mackie K, 
Armario A, Nadal R, Viveros MP (2012). Maternal deprivation and adolescent 
cannabinoid exposure impact hippocampal astrocytes, CB1 receptors and brain-
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1. PERIODOS CRÍTICOS DEL DESARROLLO 
 
Un periodo crítico del desarrollo es una ventana temporal en la que un 
organismo, y más particularmente su cerebro, están en pleno desarrollo, y durante la 
cual ciertas influencias ambientales o farmacológicas pueden, con una gran eficacia, 
provocar cambios neuroendocrinos y conductuales a largo plazo. Así, existen evidencias 
que indican que individuos que se han criado en un ambiente favorable muestran un 
correcto desarrollo social, emocional y cognitivo (Korosi et al., 2012; Veenema, 2009). 
Sin embargo, la separación o el abandono por parte de los progenitores, el estrés social, 
la presencia de abusos físicos o sexuales, o el consumo abusivo de drogas en 
determinadas etapas de la vida se relacionan con la aparición de alteraciones del 
desarrollo de varios sistemas neurobiológicos y endocrinos, y pueden ser la causa de 
alteraciones estructurales y funcionales a largo plazo en el cerebro tanto en seres 
humanos (Fatemi y Folson, 2009; Garey, 2010; Pardo y Eberhart, 2007; Heim y 
Nemeroff, 2001) como en animales (Viveros et al., 2009, 2012a; Marco et al., 2009; 
Veenema, 2009; Moffett et al., 2007). Estas alteraciones podrían producir, al final de la 
adolescencia o comienzo de la vida adulta, una sintomatología de tipo depresivo, 
respuestas alteradas de ansiedad, consumo y adicción a drogas de abuso, y/o problemas 
de cognición y aprendizaje (Meyer y Feldon, 2010; Viveros et al., 2009; Moffet et al., 
2007). El hecho de que los síntomas se revelen durante la adolescencia podría deberse a 
que es durante este periodo cuando se alcanza la madurez funcional de la mayoría de 
estructuras cerebrales, y sería en ese momento cuando su funcionamiento se revelaría 
defectuoso (Brenhouse y Andersen, 2011). 
Cuando se compararon niños que nunca habían sido institucionalizados con 
niños procedentes de orfanatos rumanos durante los años 80, caracterizados por poseer 
un desfavorable ratio cuidador-niño, rutinas altamente reglamentadas (i.e. los niños 
comían, dormían e iban al servicio al mismo tiempo), así como una estimulación 
sensorial, cognitiva y lingüística muy pobre, estos últimos exhibían una función 
neuronal alterada en áreas límbicas, como demostraron estudios de imagen por 
resonancia magnética (Chugani et al., 2001), y una función cognitiva deteriorada 
(Nelson et al., 2007). También se ha visto, que estos efectos deletéreos son reversibles 
cuando se les encuentra un ambiente familiar favorable, aunque tan solo cuando esta 
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observaciones clínicas revelan que la prevalencia y la sintomatología de diversas 
enfermedades neuropsiquiátricas cuyo origen viene determinado por un desarrollo 
anómalo difieren entre sexos (Korosi et al., 2012; Viveros et al., 2012b). Por ejemplo, 
la prevalencia de la depresión es el doble en mujeres que en hombres (Smith et al., 
2008; Blazer et al., 1994), mientras que la esquizofrenia se da más a menudo y aparece 
antes en los hombres que en las mujeres (McGrath y Susser, 2009; Flor-Henry, 1985). 
Por tanto, comprender los mecanismos neurobiológicos subyacentes por los que aparece 
una vulnerabilidad específica del sexo adquiere una gran importancia a la hora de 
identificar nuevas dianas terapéuticas y preventivas. 
 
1.1. El estrés perinatal y el modelo de separación materna temprana 
 Con el fin de poner a prueba la hipótesis del neurodesarrollo se han utilizado 
diversos modelos animales que incluyen tratamientos invasivos, que implican la asfixia 
perinatal o la hipoxia postnatal, simulando complicaciones obstétricas, o mediante 
lesiones realizadas en áreas cerebrales concretas en etapas tempranas del desarrollo 
(Lyon et al., 2012), y otros que no conllevan la realización de lesiones sino más bien 
exposición a factores estresantes, que son de carácter “ambiental/social” y que 
interfieren con el desarrollo de los individuos, bien durante el periodo fetal [ver revisión 
de Meyer y Feldon (2010)], o durante el periodo neonatal temprano. En el contexto de 
esta Tesis Doctoral, nos interesaron manipulaciones del ambiente neonatal, modelos que 
a nuestro juicio tienen un carácter más holístico que la lesión de una región cerebral 
concreta y que, por tanto, pueden aproximarse más a la realidad de lo que ocurre en 
humanos. Las crías de los roedores están poco desarrolladas al nacer y requieren de un 
intensivo cuidado por parte de la madre para asegurar un control homeostático y un 
desarrollo sensorial y motor adecuado (Veenema, 2009). Por este motivo, se han 
empleado diversas manipulaciones que modulan las interacciones madre-cría y, que 
abarcan, desde separaciones de tiempo relativamente corto a lo largo de varios días 
postnatales hasta una sola separación de 24 horas en un día determinado del período 
neonatal, normalmente dentro de los primeros 15 días de vida postnatal (McClelland et 
al., 2011; Cirulli et al., 2009).  
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 Entre los diversos modelos de separación materna (SM), en nuestro grupo de 
investigación hemos estudiado extensivamente el empleado por los grupos de trabajo de 
los Doctores De Kloet y Ellenbroek. Este modelo consiste en una única interrupción de 
la relación madre-camada durante un periodo prolongado (24 horas) durante el día 
postnatal (DP) 9 (Marco et al., 2009; Viveros et al., 2009). Existen una gran variedad de 
estudios que demuestran que este protocolo de SM en concreto produce alteraciones 
neurológicas, conductuales, endocrinas, metabólicas e inmunológicas a corto y largo 
plazo (Tabla 1). Además, en muchos casos, estos efectos son dependientes del sexo, lo 
cual resalta la importancia del factor sexo en el estudio de las psicopatologías. A 
continuación se enumeran en la siguiente tabla las alteraciones descritas que causa el 
protocolo de SM utilizado en la presente Tesis Doctoral: 
 
Tabla 1. Principales efectos de un único episodio de 24 horas de separación materna 
a día postnatal 9 sobre ratas Wistar  
Alteraciones neurológicas 
Retardo en la apertura de los ojos Ellenbroek et al., 2005
Aumento de los niveles de ARNm para IGF-1 en el 
hipotálamo de machos a DP 13 
Viveros et al., 2010b
Aumento de la expresión de proteína apoptótica BAX en 
el hipotálamo de machos a DP 13 
Aumento del número de neuronas en degeneración en el 
hipocampo tanto en machos como en hembras a DP 13 
Llorente et al., 2009
Disminución de los niveles de NeuN en el hipocampo y el 
córtex frontal de animales adolescentes (DP 40) de ambos 
sexos 
Marco et al., 2013
Disminución de la expresión de NG2 (marcador de 
oligodendrocitos) en el hipocampo de animales de ambos 
sexos a DP 40 
Aumento, en animales macho, de los niveles de PCNA 
hipotalámica a DP 13 
Viveros et al., 2010b
Disminución de la expresión hipotalámica de nestina en 
hembras 12 horas después del protocolo de SM 
Viveros et al., 2010a
A corto plazo (DP 13) la SM produjo un aumento del 
número de células GFAP+ en el hipocampo de machos 
sin cambios en el de las hembras, y este efecto se 
mantuvo al menos hasta la adolescencia (DP 40) 
Marco et al., 2013; 
Llorente et al., 2008
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Aumento del número de células GFAP+ en el cerebelo de 
machos y disminución en el de hembras a corto plazo (DP 
13) 
Llorente et al., 2009
Disminución de la expresión hipotalámica de GFAP en 
machos desde 12 horas después de la SM hasta el DP 13 
Viveros et al., 2010a, 
2010b
Incremento de los niveles de ARNm hipotalámicos y 
disminución de la expresión proteica en hipocampo y 
córtex frontal de BDNF en animales adolescentes de 
ambos sexos. Asimismo, se observó en animales adultos 
una disminución de la expresión hipocampal de BDNF en 
ambos sexos 
Marco et al., 2013; 
Llorente et al., 2011; 
Viveros et al., 2010b; 
Roceri et al., 2002
Disminución de los niveles hipocampales de NCAM en 
animales adolescentes de ambos sexos 
Llorente et al., 2011; 
Marco et al., 2013
Disminución de los niveles de PSD95 (marcador de 
densidad postsináptica) en el hipocampo y córtex frontal 
de animales macho y hembra a DP 40 
Disminución de la expresión de sinaptofisina en el córtex 
frontal de animales adolescentes (DP 40) de ambos sexos 
En animales adolescentes (DP 40) no se encontró ningún 
efecto de la SM sobre los niveles hipocampales de 
sinaptofisina ni en machos ni en hembras, sin embargo, se 
observó una disminución de su expresión en el 
hipocampo de machos adultos (DP 90) sin cambios en las 
hembras 
Aumento de los niveles de 2-AG hipocampales en 
animales macho a DP 13 
Llorente et al., 2008
Disminución de la expresión de receptor CB1 en el 
hipocampo de animales de ambos sexos a corto y medio 
plazo (DP 13 y 40) 
Marco et al., 2013; 
Llorente et al., 2009; 
Suárez et al., 2009
Disminución de la expresión del receptor CB1 en el 
córtex frontal de animales adolescentes de ambos sexos 
Aumento de los niveles de receptor CB2 en el hipocampo 
de animales macho y hembra a DP 13 y tendencia a la 
continuación de tal efecto en animales de ambos sexos a 
DP 40 
Aumento de la expresión de receptor CB2 en el córtex 
prefrontal de animales adolescentes (DP 40) de ambos 
sexos 
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Aumento de expresión de la enzima DAGL-α en el 
hipocampo de machos y de hembras a DP 13 
Suárez et al., 2010Disminución de la expresión génica en machos y de los 
niveles de proteína en ambos sexos de la MAGL 
hipocampal en animales de 13 días de edad 
Menor respuesta al efecto en agudo de anfetamina en 
animales macho sin destetar 
Ellenbroek et al., 2005
Mayor susceptibilidad a los efectos de la apomorfina y la 
d-anfetamina en animales macho adultos 
Rentesi et al., 2013; 
Ellenbroek y Cools, 
2000
Incremento de los niveles de dopamina en el córtex 
prefrontal y en el estriado de animales de ambos sexos a 
DP 35 
Llorente et al., 2010
Disminución de la densidad de receptores D1 y aumento 
de los receptores D2 en el córtex prefrontal de machos Zamberletti et al., 
2012aAumento de la densidad de receptores D1 y disminución 
de los receptores D2 en el núcleo accumbens de hembras 
adultas (DP 82) 
Aumento de los niveles de dopamina y de su receptor D2 
en el estriado y disminución de este mismo receptor en el 
córtex prefrontal de animales macho adultos 
Rentesi et al., 2013Expresión de DARPP-32 disminuída en el córtex 
prefrontal y aumentada en el estriado de animales macho 
adultos. Aumento de su fosforilación en la zona de unión 
Thr34 en el estriado y la amígdala y una disminución de 
su fosforilación en el córtex prefrontal 
Incremento de los niveles de serotonina en córtex 
prefrontal, hipocampo, estriado y mesencéfalo de 
animales de ambos sexos a DP 35 
Llorente et al., 2010
Disminución en animales macho adultos de los niveles de 
serotonina en el córtex prefrontal y la amígdala, así como 
una disminución de la expresión del receptor 5-HT2A en 
estriado y córtex prefrontal, sin un aumento de su 
densidad en amígdala 
Rentesi et al., 2013
Reducción de la expresión hipocampal de las subunidades 
NR-2A y 2B del receptor NMDA en animales macho 
adultos 
Roceri et al., 2002
Aumento de la densidad de receptores para NMDA en el 
caudado putamen de hembras adultas (DP 82) 
Zamberletti et al., 
2012a
Reducción de los niveles de NPY y del péptido 
relacionado con el gen de la calcitonina en el hipocampo 
y la corteza occipital 
Husum et al., 2002
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Disminución de la expresión génica de los receptores 
hipocampales para glucocorticoides en machos adultos 
Llorente et al., 2011
Reducción de los niveles de glutamato y glutamina en el 
hipocampo y córtex prefrontal de machos y hembras a DP 
13 
Llorente et al., 2012
Aumento de los niveles de AAT en el hipocampo y córtex 
prefrontal de animales de ambos sexos con 13 días de 
edad 
Disminución de los niveles de NAA en el córtex 
prefrontal de machos y hembras con 13 días de edad 
Aumento de los niveles de PEA en el hipocampo de 
animales de ambos sexos a DP 13 
Aumento de los niveles de colina en el hipocampo de 
machos a DP 13 
Alteraciones conductuales 
Reducción de la actividad locomotora y la frecuencia de 
postura erguida en animales macho tras el protocolo de 
SM hasta la adolescencia. En animales macho adultos, sin 
embargo, se observa un aumento de la actividad 
locomotora tanto vertical como horizontal 
Rentesi et al., 2013; 
Llorente et al., 2007; 
Ellenbroek et al., 2005
Incremento de la emotividad de machos adultos 
sometidos al campo abierto 
Rentesi et al., 2010
Aumento en los niveles de impulsividad en animales 
adolescentes macho 
Marco et al., 2007
Conducta de tipo depresivo en machos adolescentes (DP 
35) sometidos al test de la natación forzada. En animales 
adultos se observa el mismo efecto pero en ambos sexos 
Zamberletti et al., 
2012a; Llorente et al., 
2007
Aumento de las conductas agresivas en hembras adultas 
sometidas al test de interacción social 
Zamberletti et al., 
2012a
Déficit cognitivo en la memoria de trabajo medida 
mediante NOT en hembras adolescentes (DP 40) 
Marco et al., 2013
Alteración en la respuesta de inhibición latente en 
animales macho adultos 
Ellenbroek y Cools, 
1995
Déficit en la respuesta de la PPI y de la amplitud de 
respuesta de sobresalto en machos adultos 
Husum et al., 2002; 
Ellenbroek y Cools, 
2000; Ellenbroek et al., 
1998
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Alteraciones endocrinas y metabólicas 
Incremento de los niveles de corticosterona y ACTH 
circulantes en animales de ambos sexos a DP 13. En 
animales adultos sólo se ha observado tal aumento en 
machos 
Rentesi et al., 2010; 
Viveros et al., 2009, 
2010a; Llorente et al., 
2008
Mayor aumento en los niveles de ACTH en respuesta a un 
estímulo estresante 
Suchecki et al., 1993
Disminución de los niveles plasmáticos de testosterona y 
estrógenos en machos adultos 
Llorente et al., 2011; 
Viveros et al., 2010b
Disminución de los niveles de leptina en animales de 
ambos sexos desde DP 13 hasta la edad adulta (DP 102) 
Mela et al., 2012a; 
Llorente et al., 2011; 
Viveros et al., 2009, 
2010a; 2010b
Disminución de los niveles de insulina en plasma en 
animales macho a DP 45 y 85 
Mela et al., 2012a
Disminución de los niveles de adiponectina en hembras a 
DP 75 
Viveros et al., 2010b
Reducción del peso corporal en ambos sexos desde el DP 
10 y durante la adolescencia. En machos se ha descrito 
que tal reducción continúa al menos hasta el DP 68 
Marco et al., 2013; 
Rentesi et al., 2010; 
Viveros et al., 2010b; 
Llorente et al., 2007, 
2011; Ellenbroek et al., 
2005
Disminución de la ingesta de calorías desde el destete 
hasta la adolescencia (DP≈45) en animales de ambos 
sexos 
Mela et al., 2012a
Disminución de la glucemia en ambos sexos pocas horas 
después del protocolo de SM. A DP 35, sólo se observa 
esta disminución en las hembras 
Mela et al., 2012a; 
Viveros et al., 2010a
Disminución de los niveles de triglicéridos en hembras a 
DP 35 
Mela et al., 2012a
Disminución del ARNm para el PPAR-α en tejido 
adiposo de machos adolescentes (DP 35) 
Viveros et al., 2010b
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Alteraciones inmunológicas 
Disminución del número de células NK en el timo de 
animales de ambos sexos durante toda la vida del animal 
De la Fuente et al., 
2009; Llorente et al., 
2007
A lo largo de la vida del animal se observaron, tanto en 
machos como en hembras, unos menores niveles de 
linfoproliferación mediada por mitógeno y del índice de 
quimiotaxis en timo y bazo. El mismo efecto se observó 
en los ganglios axilares de animales adolescentes 
Abreviaturas empleadas: 2-AG, 2-araquidonil glicerol; ACTH, hormona 
adrenocorticotropa; BDNF, factor neurotrófico derivado del cerebro; DAGL-α, 
diacilglicerol lipasa alfa; DARPP-32, fosfoproteína neuronal regulada por c-AMP y 
dopamina de peso molecular 32 kDa; GFAP, proteína glial fibrilar ácida; IGF-1, 
factor de crecimiento insulínico tipo 1; MAGL, monoacilglicerol lipasa; NAA, N-
acetil aspartato; NCAM, molécula de adhesión celular neural; NK, natural killer; 
NOT, test de reconocimiento de objetos; NPY, neuropéptido Y; PCNA, antígeno 
nuclear de células en proliferación; PPAR-α, receptor activador de la proliferación 
de los peroxisomas alfa; PPI, inhibición prepulso 
 
Una de las características del protocolo de SM de 24 horas a DP 9 es que se 
realiza durante el denominado periodo de hiporreactividad al estrés (SHRP, del inglés 
stress hyporesponsive period). El SHRP, que aparece durante las dos primeras semanas 
de vida postnatal, es un periodo del neurodesarrollo en el que el eje hipotalámico-
hipofisario-adrenal (HHA) exhibe una baja actividad debido a que existe una 
sensibilidad reducida de la glándula adrenal a la ACTH y en consecuencia los niveles 
plasmáticos de corticosterona y ACTH son extremadamente bajos. El SHRP es 
considerado como una fase altamente adaptativa del desarrollo debido a que para un 
adecuado desarrollo del sistema nervioso central es necesario el mantenimiento de unos 
niveles bajos y estables de glucocorticoides (Faturi et al., 2010). Por ello, los efectos 
que han sido descritos tras someter a los animales a este protocolo de estrés neonatal 
podrían deberse principalmente a la acción perjudicial del aumento de glucocorticoides 
en respuesta al estrés de la SM durante la SHRP sobre el cerebro en desarrollo, 
particularmente sobre zonas especialmente sensibles como por ejemplo el hipocampo, 
que tiene una alta densidad de receptores de glucocorticoides (Sapolsky et al., 1988; 
Gould, 1994). 
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Esta alteración de los niveles plasmáticos de leptina, así como diversos cambios de 
carácter metabólico, incluyendo una ganancia de peso corporal reducida, que también 
han sido observados a largo plazo por nuestro grupo (ver Tabla 1), podrían deberse a 
una disrupción del pico fisiológico de leptina, que en roedores comienza a DP 5 y 
alcanza su máximo entre los DP 9 y 10 (coincidiendo precisamente con el momento en 
el cual se lleva a cabo el protocolo de SM), dado que esta elevación de los niveles de 
leptina parece ser crítica para un correcto desarrollo del circuitaje hipotalámico 
implicado en la regulación del balance energético en etapas posteriores de la vida (Mela 
et al., 2012b; Cottrell et al., 2009; Attig et al., 2008; Delahaye et al., 2008; Yura et al., 
2005; Ahima et al., 1998). 
Otro componente del sistema nervioso central que podría estar involucrado en 
los efectos deletéreos de la SM es el sistema endocannabinoide (SEC). Entre las 
múltiples funciones del SEC, existen evidencias de su papel en diversas fases del 
desarrollo cerebral, incluyendo el crecimiento axonal, la fasciculación y el 
establecimiento de una correcta conectividad (Gaffuri et al., 2012; Keimpema et al., 
2011; Galve-Roperh et al., 2006, 2009; Harkany et al., 2007, 2008; Watson et al., 2008; 
Viveros et al., 2005a; Fernandez-Ruiz et al., 2004). Uno de los efectos a corto plazo que 
han sido descritos en animales SM son cambios en diversos componentes del SEC, tales 
como una disminución de la expresión hipocampal de receptores CB1 y un aumento de 
los niveles de 2-AG, así como alteraciones en la expresión de las enzimas encargadas de 
su biosíntesis y su degradación en el hipocampo de animales macho a DP 13 (Suárez et 
al., 2009; 2010). Por todo ello, algunos de los efectos producidos por el protocolo de 
SM y observados a largo plazo podrían estar relacionados con alteraciones del 
neurodesarrollo en el que el SEC juega un papel prominente. En este sentido, las 
conductas relacionadas con el consumo adictivo de drogas de abuso, en las que, como 
ya discutiremos en el siguiente apartado, el SEC está altamente implicado (Serrano y 
Parsons, 2011), podrían verse modificadas por nuestro protocolo de SM.  
A este respecto, y como ya hemos señalado anteriormente, existen numerosas 
evidencias que demuestran que, en los seres humanos, experiencias adversas tempranas 
en la vida pueden aumentar el riesgo a desarrollar abuso de drogas, más adelante en la 
vida (Enoch, 2012; Neisewander et al., 2012; Viveros et al., 2012a; Spak et al., 1998). 
En este sentido, mediante la utilización de diferentes modelos de SM se ha podido 
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observar cómo un estrés durante etapas tempranas del desarrollo causa diversas 
alteraciones sobre los efectos que producen las drogas de abuso. Estos efectos incluyen 
alteraciones en la auto-administración de cocaína (Flagel et al., 2003; Matthews et al., 
1999), sensibilización inducida por cocaína (Li et al., 2003), condicionamiento de 
preferencia de lugar por anfetamina (Campbell y Spear, 1999) y respuestas a morfina 
(Kalinichev et al., 2001, 2002, 2003). Sin embargo, en el momento de redactar esta 
Memoria, sólo existe un trabajo que haya estudiado los efectos a largo plazo de la 
combinación del protocolo de SM empleado en la presente Tesis Doctoral con un 
tratamiento crónico con una droga de abuso durante la adolescencia, y este ha sido 
publicado muy recientemente (Zamberletti et al., 2012a). 
 
1.2. La adolescencia como periodo de vulnerabilidad 
 La adolescencia es el periodo de transición entre la infancia y la edad adulta 
durante el cual se producen dramáticos cambios fisiológicos y psicológicos. El 
adolescente experimenta no sólo los cambios relacionados con el crecimiento físico, 
sino también aquéllos relacionados con la maduración a nivel emocional, psicológico y 
social.  
Según la organización mundial de la salud, la adolescencia, en los seres 
humanos, se da entre los 11 y 19 años de edad, dependiendo del sexo, comenzando y 
terminando antes en las niñas que en los niños. Este periodo de transición entre la niñez 
y la etapa adulta se encuentra altamente conservado a lo largo de la filogenia de los 
mamíferos y se ha visto que tanto primates no humanos, como roedores muestran un 
repertorio de conductas, unos cambios hormonales y unas transformaciones cerebrales 
muy similares a la de los adolescentes humanos (Viveros et al., 2012a; Doremus-
Fitzwater et al., 2010; Spear, 2000). En roedores, se considera que la adolescencia se 
extiende a lo largo del periodo comprendido entre los DPs 28 y 42 (Schneider, 2013; 
Viveros et al., 2011; Adriani y Laviola, 2004; Spear, 2000). 
En general, durante este periodo, los individuos exhiben una gran variedad de 
conductas características de esta etapa y que les diferencian de sus homólogos adultos, 
como son, un incremento de la conducta social y de la búsqueda de novedad y de 
nuevas sensaciones, una tendencia a la conducta de toma de riesgos, así como una 
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inestabilidad emocional y una elevada impulsividad (Viveros et al., 2012a; Sturman y 
Moghaddam, 2011; Doremus-Fitzwater et al., 2010). Estas conductas, “típicas” de la 
adolescencia, tienen su base en los cambios radicales que se producen en el cerebro de 
los adolescentes, que implican un alto grado de remodelación estructural plástica y 
alteraciones funcionales (Paus, 2005; Gogtay et al., 2004). Durante este periodo se 
encuentran en pleno desarrollo áreas involucradas en la toma de decisiones, incluyendo 
el córtex prefrontal, áreas cognitivas y de razonamiento, y vías de conexión con el 
sistema límbico importantes en el control de los impulsos y las emociones (Viveros et 
al., 2011; 2012a; McCormick et al., 2010; Tau y Peterson, 2010).  
Uno de los aspectos más relevantes del desarrollo cerebral durante la 
adolescencia es el proceso de refinamiento de las sinapsis. Cuando se acerca la 
adolescencia se produce una sobreproducción de sinapsis y, más adelante en el 
desarrollo, se produce una pérdida de neuronas conocida como “prunning” o “poda 
sináptica” (Brenhouse y Andersen, 2011). Este fenómeno de sobreproducción de 
sinapsis está relacionado con la sobreexpresión de receptores del sistema 
dopaminérgico, serotoninérgico, norepinefrinérgico, glutamatérgico, GABAérgico, 
colinérgico y endocannabinoide que se observa durante esta etapa (Eggan et al., 2010; 
Andersen et al., 2000; Lidow et al., 1991), mientras que la pérdida de sinapsis se asocia, 
en parte, con la disminución de la sustancia gris y el aumento de la sustancia blanca 
característica de la adolescencia (Gogtay et al., 2004). Asimismo, a lo largo del 
desarrollo, se produce una ganancia del volumen cerebral relacionada con los procesos 
de mielinización de los haces de fibras nerviosas (Brenhouse y Andersen, 2011). Se ha 
observado que, tanto el refinamiento de las sinapsis como los procesos de mielinización 
tienen ventanas temporales distintas según la región cerebral, pero también se han 
observado diferencias según el sexo (Fig. 3) (Brenhouse y Andersen, 2011; Viveros et 
al., 2011). Con respecto a éstas últimas, se ha descrito cómo las hormonas gonadales 
juegan un papel importante en la regulación de las modificaciones neuronales durante la 
adolescencia (Viveros et al., 2011). Por ejemplo, se ha visto que las hormonas 
testiculares son responsables del aumento de la densidad de espinas dendríticas en las 
neuronas del hipocampo de ratones macho, así como de su disminución tras la pubertad, 
ya que se ha observado una ausencia de tales efectos en ratones que fueron castrados 
antes de alcanzar la madurez sexual (Meyer et al., 1978). 
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durante la vida del individuo [ver revisiones de Fernández-Espejo et al. (2009) y 
Zamberletti et al. (2012b)]. 
Durante la adolescencia el cerebro muestra una plasticidad “única” y parece 
existir una “ventana de vulnerabilidad” en lo referente al comienzo de diversas 
patologías neuropsiquiátricas (Viveros et al., 2012a). Así, durante esta etapa aparecen 
los síntomas de una gran variedad de enfermedades mentales, tales como alteraciones 
del estado de ánimo, trastornos alimenticios, esquizofrenia y trastorno bipolar 
(Schneider, 2013; Viveros et al., 2012a; Sturman y Moghaddam, 2011; Fernández-
Espejo et al., 2009; Adriani y Laviola, 2004). Como ya se ha mencionado al hablar de la 
teoría del neurodesarrollo, el hecho de que diversos síntomas psiquiátricos se 
manifiesten durante la adolescencia o durante la edad adulta temprana podría deberse a 
que es durante este periodo cuando se alcanza la madurez funcional de la mayoría de 
estructuras cerebrales, y sería en ese momento cuando su funcionamiento se revelaría 
defectuoso (Brenhouse y Andersen, 2011).   
En el contexto de esta Tesis Doctoral nos ha interesado además el hecho de que 
es durante la adolescencia cuando se produce, normalmente, el inicio del consumo de 
drogas (Hittner y Swickert, 2006; Kelly et al., 2006). Este hecho parece guardar 
relación con las conductas de riesgo (EMCDDA, 2012) debido a la motivación que 
presentan los adolescentes a experimentar nuevos e intensos estímulos para obtener una 
recompensa potencial (Doremus-Fitzwater et al., 2010) así como para obtenerla lo antes 
posible sin una evaluación correcta de las consecuencias. Además, a través del estudio 
mediante modelos con roedores, se ha visto que los efectos que tienen las drogas de 
abuso sobre los adolescentes son diferentes, al menos en parte, a los que se observan en 
adultos. Por ejemplo, hay datos que indican que los animales adolescentes son más 
vulnerables a las propiedades reforzantes de las drogas de abuso, y sufren menos los 
efectos aversivos de su abstinencia (Doremus-Fitzwater et al., 2010; Nixon y McClain, 
2010; Schramm-Sapyta et al., 2009; Adriani y Laviola, 2004), lo que facilita su 
consumo continuado y, por tanto, el desarrollo de la adicción a la droga. Dado que el 
cerebro adolescente, inmaduro, es especialmente vulnerable a los efectos deletéreos de 
las drogas, los modelos animales de adolescencia son particularmente relevantes para el 
análisis de esos efectos y de sus consecuencias a largo plazo, y este ha sido uno de los 
objetivos de nuestro trabajo. 
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2. EL SISTEMA ENDOCANNABINOIDE 
 
 El estudio del sistema endocannabinoide (SEC) se emprendió tras la 
identificación y la síntesis del principal compuesto psicoactivo de la planta de 
marihuana o cannabis, Cannabis sativa, en la década de los 60, el Δ9-
tetrahidrocannabinol (THC) (Gaoni y Mechoulam, 1964). A partir de ahí comenzó la 
caracterización de los componentes de este sistema de neurotransmisión, así como una 
creciente comprensión de su papel fisiológico. 
 
2.1. Componentes del sistema endocannabinoide 
2.1.1. Ligandos endocannabinoides 
 Los endocannabinoides son mediadores lipídicos que incluyen amidas, ésteres y 
éteres de ácidos grasos de cadena poliinsaturada (Battista et al., 2012). Actualmente, los 
endocannabinoides más estudiados y mejor conocidos son la anandamida 
(araquidonoiletanolamida, AEA) y el 2-araquidonoilglicerol (2-AG), aunque la familia 
de los endocannabinoides incluye también a la virodamina, al éter noladín y a la N-
araquidonoil-dopamina (NADA), además de otros compuestos emparentados como son 
la palmitoiletanolamida (PEA) y la oleiletanolamida (OEA) (Fig. 4; Battista et al., 2012; 
Di Marzo et al., 2004; Piomelli, 2003). 
La síntesis de estos compuestos cannabinoides endógenos es un proceso 
dependiente de calcio y se produce según demanda, es decir, en el momento en el que 
son necesarios, ya que dada su naturaleza lipofílica, y en contra de lo descrito para los 
neurotransmisores “clásicos”, no pueden ser almacenados en vesículas (Howlett et al., 
2004; Freund et al., 2003; Mechoulam y Lichtman, 2003). Son sintetizados a partir de 
precursores de membrana y, a pesar de que la síntesis de AEA pueda llevarse a cabo a 
través de diversas rutas metabólicas (Muccioli, 2010), se considera a la fosfolipasa D 
dependiente de la N-acilfosfatidiletanolamina (NAPE-PLD, del inglés N-
acylphosphatidylethanolamine-specific phospholipase D) la enzima mejor estudiada 
encargada de la producción de AEA (Okamoto et al., 2009); mientras que la actividad 
enzimática de una fosfolipasa C seguida de la actividad de la diacilglicerol lipasa 
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farmacológicas encaminadas a la potenciación del tono cannabinoide endógeno, en 
particular, inhibidores de la inactivación de endocannabinoides, como por ejemplo el 
URB597 o el JZL184 que inhiben a la FAAH y a la MAGL respectivamente. Estos 
fármacos resultan de gran interés y, frente a los agonistas cannabinoides directos, 
parecen presentar una menor incidencia de efectos adversos en el estudio de su posible 
uso terapéutico (Marco y Viveros, 2009). 
2.1.2. Los receptores cannabinoides 
 Los primeros datos que señalan la existencia de receptores cannabinoides fueron 
publicados por Howlett et al. (1986) al demostrar que los cannabinoides inhiben la 
acción de la enzima adenilato ciclasa. Poco después, el mismo grupo descubrió que el 
agonista cannabinoide CP presentaba sitios de unión en el cerebro (Devane et al., 1988). 
La distribución de este receptor era consecuente con las propiedades farmacológicas de 
los cannabinoides (Herkenham et al., 1990), y el receptor fue clonado ese mismo año 
(Matsuda et al., 1990). Unos pocos años más tarde, un segundo receptor cannabinoide, 
CB2, fue clonado, pero esta vez en tejido periférico (Munro et al., 1993). 
 Ambos, CB1 y CB2, son receptores metabotrópicos de siete segmentos 
transmembrana, acoplados a proteínas Gi/o pero con propiedades farmacológicas y 
patrones de distribución diferentes. Así, las mayores densidades de receptor CB1 en el 
cerebro de los roedores adultos se hallan en el ganglio basal, la substancia negra, el 
globo pálido, el cerebelo y el hipocampo (Mechoulam y Parker, 2013) mientras que el 
receptor CB2 está presente en células del sistema inmune mayoritariamente, aunque se 
ha visto que también se expresa en el sistema nervioso central (Onaivi et al., 2008; 
Ashton et al., 2006; van Sickle et al., 2005), particularmente en células de microglía 
(Núñez et al., 2004; Stella, 2004), aunque a niveles más bajos que los receptores CB1. 
 Los endocannabinoides actúan a través de los receptores CB1 y CB2, pero, 
además, recientemente ha sido descubierta la habilidad de algunos ligandos, tanto 
cannabinoides como no cannabinoides, de unirse también al receptor GPR55 (Lauckner 
et al., 2008; Pertwee, 2007; Ryberg et al., 2007). Además, el receptor de potencial 
transitorio vaniloide 1 (TRPV1, del inglés, transient receptor potential vanilloid 1), 
normalmente activado por capsaicina y por una serie de estímulos físicos y químicos 
exógenos y endógenos, incluyendo temperaturas mayores a 43 °C y/o pH bajo, es una 
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2.2. Principales funciones del sistema endocannabinoide 
La mayor parte de los efectos conductuales de los agonistas cannabinoides se 
relacionan con las acciones que éstos ejercen sobre el SNC. El principal papel de los 
endocannabinoides es el de actuar como moduladores de la transmisión sináptica, 
regulando diversos procesos fisiológicos fundamentalmente a través de los receptores 
CB1, en el seno de una gran variedad de redes neuronales locales. La presencia de 
receptores CB1 ha sido descrita en neuronas GABAérgicas, adrenérgicas, colinérgicas y 
glutamatérgicas entre otras (Svizenska et al., 2008; Marsicano y Lutz, 2006; Monory et 
al., 2006; Nyiry et al., 2005; Kathmann et al., 1999). Los receptores CB1 se localizan 
presinápticamente y su activación provoca la inhibición de la adenilato ciclasa así como 
la activación de los canales de potasio y la inhibición de los canales calcio, tanto del 
tipo N como del tipo P/Q. Estas acciones producen una reducción de la excitabilidad de 
la neurona presináptica lo que causa, en última instancia, una inhibición de la liberación 
de neurotransmisores (Fig. 6). (Riebe y Wotjak, 2011). 
Entre las diversas funciones en las que ha sido implicado el SEC se incluyen su 
papel en la coordinación y el control del movimiento, en los procesos de aprendizaje y 
memoria, en la regulación de estados emocionales y de ansiedad, en las respuestas al 
estrés y al dolor y en los mecanismos de control de la ingesta y el apetito, más en 
general, en la regulación del balance energético [ver revisiones de Mechoulam y Parker 
(2013), Giuffrida y Seillier (2012), Marco et al. (2012), Riebe y Wotjak (2011), 
Bermúdez-Silva et al. (2010), Hill y McEwen (2010), Moreira y Wotjak (2010), Marco 
y Viveros (2009), Moreira y Lutz (2008), Viveros et al. (2005b); Cravatt y Lichtman 
(2004) y Sullivan (2000)]. 
 Además de todas estas funciones fisiológicas, y como ya hemos descrito en el 
primer apartado de la Introducción de esta Tesis Doctoral, el SEC juega un papel 
prominente en los procesos de neurodesarrollo. En el siguiente epígrafe, y debido a su 
importancia en el contexto de la presente Tesis Doctoral, nos centraremos en otras dos 
implicaciones funcionales del SEC, a saber, la adicción a drogas y  la modulación de la 
extinción de memorias adversas. 
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(Serrano y Parsons, 2011). De hecho, se ha observado que existe una alta densidad de 
receptores CB1 en regiones cerebrales implicadas en las propiedades motivacionales y 
adictivas de las drogas de abuso, y que el consumo de cannabis, cuyo principal 
compuesto activo, el THC,  es agonista del receptor CB1, produce alteraciones en los 
efectos de otras drogas de abuso (Viveros et al., 2011, 2012a; Serrano y Parsons, 2011). 
Además, se ha descrito que los polimorfismos presentes en los genes que codifican para 
el receptor CB1 y la FAAH pueden emplearse como herramientas genéticas para el 
estudio de la susceptibilidad a la adicción a drogas (López-Moreno et al., 2012). 
 Actualmente, y gracias a estudios con modelos animales, se tiene constancia de 
que el consumo de drogas (no cannabinoides) produce alteraciones en los niveles 
cerebrales tanto de AEA como de 2-AG, aunque con unos perfiles distintos entre ambos 
endocannabinoides y dependiendo del tipo de droga y el patrón de administración 
(Serrano y Parsons, 2011). Así, la administración de 20 mg/kg de cocaína produjo un 
aumento significativo de 2-AG en el sistema límbico de ratones macho, sin cambios en 
los niveles de AEA (Patel et al., 2003), mientras que la administración a ratones adultos 
de 15 mg/kg dos veces al día durante 10 días seguidos produjo una disminución de los 
niveles de 2-AG en esta misma región cerebral, sin cambios en los niveles de AEA 
(González et al., 2002a). Asimismo, las drogas de abuso parecen también ser capaces de 
alterar la expresión de los receptores CB1. Por ejemplo, en un estudio de nuestro grupo 
observamos un aumento de la densidad de receptores CB1 en el hipocampo y una 
disminución en el estriado a largo plazo tras un tratamiento crónico adolescente de 
nicotina (0,4 mg/kg durante 10 días) en ratas Wistar de ambos sexos (Marco et al., 
2007a). 
 El SEC está implicado en los efectos de diversas drogas de abuso, por ejemplo, 
en la modulación de sus propiedades reforzantes. A este respecto, en estudios animales, 
se ha visto que la deleción del receptor CB1 o su bloqueo mediante tratamientos con 
antagonistas cannabinoides producen una disminución de la preferencia condicionada 
de lugar (CPP, del inglés conditioned place preference) y de la autoadministración de 
morfina, heroína, nicotina y alcohol (Forget et al., 2005; Houchi et al., 2005; Solinas et 
al., 2005; Thanos et al., 2005; Le Foll y Goldberg, 2004; Castañé et al., 2002; Cossu et 
al., 2001; Navarro et al., 2001; Martin et al., 2000); y, aunque existen datos 
contradictorios, el bloqueo del receptor CB1 también parece afectar a los efectos 
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reforzantes de los psicoestimulantes. Así, por ejemplo, el AM251, un antagonista del 
receptor CB1, atenuó la motivación por la autoadministración de cocaína (Xi et al., 
2008) y de metanfetamina (Vinklerova et al., 2002) en ratas macho, y la deleción del 
receptor CB1 alteró la adquisición de la conducta de autoadministración de cocaína en 
ratones macho (Soria et al., 2005). Menos estudiado ha sido el efecto del aumento del 
tono endocannabinoide mediante la inhibición de las enzimas encargadas de la 
degradación de los endocannabinoides sobre las propiedades reforzantes de las drogas 
de abuso. En este ámbito se ha visto que la administración en ratas macho del inhibidor 
de la FAAH, el URB597, bloquea tanto la CPP como la autoadministración de nicotina 
mediante la activación del PPAR-α, y no del CB1R (Luchicchi et al., 2010; Scherma et 
al., 2008). Sin embargo, el URB597 no fue capaz de atenuar los efectos de recompensa 
de drogas tales como la cocaína o la heroína (Adamczyk et al., 2009; Solinas et al., 
2005). 
Una de los comportamientos característicos de la adicción es la búsqueda 
compulsiva de la droga o craving. Este hecho puede asociarse a la alta incidencia de 
recaídas tras periodos de abstinencia. Diversos trabajos empleando modelos animales 
han demostrado que el uso de agonistas cannabinoides reinstauran la conducta de 
búsqueda de la droga (López-Moreno et al., 2004; Spano et al., 2004; De Vries et al., 
2001, 2003), mientras que el uso de un antagonista del receptor CB1 atenúa esta 
conducta (Justinova et al., 2008; Fattore et al., 2005; De Vries et al., 2001, 2003). 
Existen una gran variedad de ejemplos en la literatura clínica y preclínica que 
demuestran que diversas formas de estrés están implicadas en la etiología y el 
mantenimiento de la dependencia a drogas (Kreek et al., 2012; Neisewander et al., 
2012; Schank et al., 2012). A su vez, la abstinencia a la mayoría de las drogas está 
asociada a un aumento de síntomas afectivos negativos, como son la ansiedad y la 
depresión (Janiri et al., 2005; Nunes y Levin, 2004; Nunes et al., 2004; Coffey et al., 
2000). Como hemos descrito en el apartado anterior, el SEC se encuentra implicado en 
la regulación de la respuesta de estrés, así como de los estados emocionales (Riebe y 
Wotjak, 2011; Marco y Viveros, 2009). Por tanto, alteraciones en el SEC podrían 
producir un aumento de la susceptibilidad al comienzo y al mantenimiento del abuso de 
drogas, y podrían afectar negativamente el tratamiento de los trastornos adictivos. 
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2.2.2. Modulación por parte del sistema endocannabinoide de la extinción de memorias 
aversivas 
 Existen diversas evidencias que indican que el SEC está específicamente 
implicado en la extinción de conductas que permiten al individuo evitar un estímulo 
aversivo [ver revisiónes de Trezza y Campolongo (2013), Riebe et al. (2012) y Ruehle 
et al. (2011)], aunque no en la adquisición de las memorias relacionadas con esta 
conducta (Moreira y Wotjak, 2009). Marsicano et al. (2002) observaron cómo ratones 
con una deleción para el gen que codifica para el receptor CB1 y ratones tratados con un 
antagonista del receptor CB1, el rimonabant, exhibían una extinción alterada en el test 
de miedo condicionado, sin cambios en la adquisición y la consolidación de memorias. 
En el sentido opuesto, el tratamiento de ratas macho con el agonista del receptor CB1, el 
WIN-55,212, facilitó la extinción del miedo tras la exposición repetida de los animales 
al contexto en el que el estímulo aversivo fue suministrado (Pamplona et al., 2006). 
También ha sido estudiado el efecto que tiene el aumento del tono endocannabinoide, 
mediante el uso de inhibidores de la recaptura o de la FAAH, sobre la extinción de 
memorias aversivas. Así, Chhatwal et al. (2005) describieron una mejoría del fenómeno 
de extinción en ratas macho tratadas con AM404, un inhibidor de la recaptura de los 
endocannabinoides. Además, vieron que este proceso era dependiente del receptor CB1 
ya que el uso de rimonabant bloqueaba tal efecto (Chhatwal et al., 2005). Estos datos 
indican que el SEC está involucrado en la extinción de memorias. Sin embargo, este 
efecto parece ser específico para la extinción de memorias aversivas, y no de memorias 
positivas, ya que, ni ratones deficientes en el gen que codifica para el receptor CB1 
(Holter et al., 2005) ni ratones tratados con rimonabant (Niyuhire et al., 2007) 
exhibieron un déficit de extinción en una tarea de condicionamiento operante motivada 
por el apetito (Mechoulam y Parker, 2013; Viveros et al., 2007a). Cabe destacar, 
además, que el grado de aversión del estímulo negativo debe exceder un cierto umbral 
antes de que el SEC sea activado y mitigue la respuesta al miedo (Riebe et al., 2012; 
Kamprath et al., 2009), por lo que el SEC parece servir como un sistema de protección 
que previene la aparición de respuestas exageradas al miedo (Moreira y Wotjak, 2009). 
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3. LA ADICCIÓN A DROGAS DE ABUSO 
 
 Ha sido documentado, a lo largo de la historia, el consumo recreacional de 
sustancias psicoactivas por parte de los seres humanos. Por ejemplo, el pueblo asirio 
(cuyo dominio abarca desde el segundo milenio a.C. hasta el siglo VI a.C.) usaba el 
cannabis por sus efectos psicoactivos, aunque también por sus propiedades 
“medicinales” (Mechoulam y Parker, 2013).  
En la actualidad, se sabe con toda certeza que el uso repetido de muchas de estas 
sustancias psicoactivas puede llegar a producir dependencia y una progresión hacia la 
adicción (Serrano y Parsons, 2011). La adicción se define como un estado persistente 
caracterizado por una compulsión a la búsqueda y al consumo de una droga, una pérdida 
de control a la hora de poner límites en el empleo de la droga, incluso cuando su 
consumo acarrea importantes consecuencias negativas (Belin y Deroche-Gamonet, 
2013). También se caracteriza por la aparición de un estado emocional negativo, en la 
que el individuo sufre de ansiedad, depresión o irritabilidad, cuando no puede acceder a 
la droga (Koob y Volkow, 2010; Hyman et al., 2006; Hyman, 2005). El problema más 
grave de la adicción es que la persona adicta presenta una vulnerabilidad a largo plazo a 
la recaída al consumo de la droga. Esta recaída puede darse tras haber pasado un par de 
días tras el último consumo o incluso hasta varios años después, de ahí la gran dificultad 
para tratar este trastorno psiquiátrico (Yahyavi-Firouz-Abadi y See, 2009; Shaham y 
Hope, 2005). 
Clásicamente se ha considerado que una sustancia actúa como droga de abuso 
cuando produce un aumento extracelular de los niveles de dopamina en el núcleo 
accumbens (Di Chiara et al., 2004). Sin embargo, en la actualidad, existen diversos 
estudios que demuestran que existen otros sistemas de neurotransmisión involucrados 
en los efectos reforzantes de las drogas de abuso tales como el serotoninérgico, el 
glutamatérgico, el GABAérgico y, como ya ha sido ampliamente descrito en el apartado 
anterior, el endocannabinoide (Serrano y Parsons, 2013; Ross y Peselow, 2009; Hyman 
et al., 2006); y que otras regiones cerebrales, además de las del sistema límbico, juegan 
un papel importante en los procesos adictivos (Paulus, 2008). 
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La adicción es un trastorno cerebral muy complejo asociado a una disfunción de 
los sistemas que controlan la motivación (Kalivas y Volkow, 2005), las emociones 
(Goldstein et al., 2009), el aprendizaje (Yalachkov et al., 2010; Volkow et al., 2006) y 
la conducta (Ersche et al., 2011, 2012; Volkow et al., 2010). Desde el punto de vista 
clásico, se ha considerado que la adicción a una droga se produce mayoritariamente 
debido a los cambios neuroadaptativos que produce la droga sobre el cerebro, sin 
embargo, en los últimos años se ha acumulado información que sugiere que tiene una 
naturaleza más compleja que incluye una predisposición genética y otros factores tales 
como un fenotipo vulnerable, las características de la propia droga y el ambiente (Belin 
y Deroche-Gamonet, 2013). 
La mayoría de las personas que consumen drogas de abuso comienzan durante la 
adolescencia (Hittner y Swickert, 2006; Kelly et al., 2006). Como ya hemos visto en el 
primer apartado de la Introducción, los adolescentes presentan unas diferencias muy 
marcadas respecto a los individuos adultos en relación con los efectos adictivos de las 
drogas de abuso [ver revisión de Schramm-Sapyta et al. (2009)]. Estas diferencias 
facilitan enormemente el inicio en el consumo, lo que causa, en última estancia, que esta 
sea la época de la vida en la que se produce el mayor número de casos de adicción a una 
o varias drogas de abuso. Otro problema añadido es que la adolescencia es un periodo 
caracterizado por importantes cambios del sistema nervioso central, el cual presenta una 
plasticidad única y, por lo tanto, representa un periodo crítico del neurodesarrollo 
(Viveros et al., 2012a). Por ello, el consumo de drogas durante la adolescencia puede 
alterar el correcto desarrollo del cerebro y, por ende, puede producir, a largo plazo, 
diversas psicopatologías. Así, diversos estudios han demostrado que el consumo crónico 
durante la adolescencia de cannabis provoca alteraciones persistentes sobre el cerebro y 
sobre la conducta similares a los encontrados en pacientes esquizofrénicos (Henquet et 
al., 2005; Arseneault et al., 2002; van Os et al., 2002). 
Todo lo anterior recalca la importancia de caracterizar modelos animales que 
mimeticen al máximo posible, dentro de las limitaciones que ofrecen el uso de estos 
modelos, los patrones de consumo de drogas que se dan entre los jóvenes en la 
actualidad. Por este motivo, en la presente Tesis Doctoral, tratamos crónicamente con 
diversas drogas de abuso a ratas Wistar adolescentes. Estos tratamientos, además, se 
realizaron con las drogas de abuso ilícitas que con mayor frecuencia son consumidas 
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despersonalización, paranoia, alucinaciones, ansiedad y agitación. Estos efectos pueden 
tender a desaparecer cuando el THC desaparece de la sangre, sin embargo, un consumo 
reiterado de cannabis puede producir alteraciones permanentes de la química del 
cerebro, lo que originaría una sintomatología psicótica de una forma similar a como lo 
hacen otras drogas de abuso, como por ejemplo los psicoestimulantes (Fernández-
Espejo et al., 2009). Estos cambios sobre el sistema nervioso central terminan 
desembocando en una dependencia, a pesar de la extendida creencia de que el cannabis 
es una droga que no produce síndrome de abstinencia. De hecho, el síndrome de 
abstinencia producido por el cannabis se caracteriza por irritabilidad, ansiedad, 
depresión, anhedonia, dificultad para dormir y craving (Vandrey et al., 2008; Budney et 
al., 2004; Tanda y Goldberg, 2003). 
Además, el inicio temprano en el consumo de cannabis ha sido estrechamente 
relacionado con el inicio y el desarrollo de problemas adictivos con otras drogas de 
abuso (EMCDDA, 2012). Así, existen en la actualidad dos teorías para intentar explicar 
este fenómeno (Viveros et al., 2012a). En la primera, conocida como “teoría de la 
puerta de entrada” se sugiere que una vez que un individuo ha decidido consumir una 
droga de abuso, existe una mayor propensión a utilizar una distinta (Wagner y Anthony, 
2002). En la segunda, o modelo del factor de riesgo común, Agrawal et al. (2004) 
sugirieron que los mismos factores, tanto genéticos como ambientales, que conducen al 
consumo de una droga incrementan el riesgo de consumir otra distinta. En cualquier 
caso, parece común el hecho de que sea el cannabis la primera droga ilícita en 
consumirse, antes de iniciar el consumo de drogas “más fuertes”. Esto puede deberse a 
la disponibilidad de la droga y a la facilidad que tienen los jóvenes para obtenerla. Así, 
según la encuesta estatal sobre uso de drogas en estudiantes de enseñanzas secundarias 
(ESTUDES) del año 2010, el cannabis es la droga ilícita con mayor percepción de 
disponibilidad entre los jóvenes españoles (ESTUDES, 2010).  
La investigación básica ha aportado además datos muy claros de cómo la 
exposición a cannabinoides durante la adolescencia (Biscaia et al., 2008; Higuera-Matas 
et al., 2008; Ellgren et al., 2006) o incluso durante el período perinatal (Vela et al., 
1998) pueden llevar a cambios en los sistemas de recompensa del cerebro y a una mayor 
autoadministración de otras drogas tales como opiáceos y psicoestimulantes, 
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proporcionando una base neurobiológica a la teoría de que el consumo de cannabis 
puede de hecho facilitar el consumo de otras drogas.  
 
3.2. La cocaína 
 Tras el cannabis, la cocaína es la droga con la que más se trafica en todo el 
mundo, y es la segunda droga más consumida en Europa. Se estima que un 4,6% de los 
europeos la han probado alguna vez en su vida. España es el país europeo donde más se 
consume esta droga, con una prevalencia de consumo en el último año del 2,7%, 
seguida de cerca por el Reino Unido (2,2%). Respecto al consumo entre los jóvenes, se 
estima que alrededor de 8 millones de europeos de entre 15 y 34 años han consumido 
cocaína al menos una vez en su vida (EMCDDA, 2012). 
 La fuente de la cocaína es la denominada planta de coca (Erythroxylum coca) 
cuyo cultivo se encuentra concentrado en tres países andinos, Colombia, Perú y Bolivia 
(EMCDDA, 2012). La cocaína se comercializa en forma de sal (clorhidrato de cocaína), 
que contiene entre un 12 y un 75% de cocaína, o en forma de crack que es una forma de 
base libre mucho más purificada (80% de cocaína) y que tiene forma de cristales 
blancos. La sal puede consumirse tópicamente, esnifada, o por vía intravenosa mientras 
que el crack se fuma (Miñarro, 2012; Lizasoain et al., 2002). La cocaína es una 
sustancia lipofílica que atraviesa rápidamente la barrera hematoencefálica. Es 
rápidamente metabolizada, generalmente por hidrólisis enzimática, para producir 
benzoilecgonina y ecgonina, careciendo ambos metabolitos de actividad biológica 
significativa (Büttner et al., 2003; Lizasoain et al., 2002). Sin embargo, en presencia de 
alcohol, la cocaína es metabolizada a cocaetileno, el cual cruza rápidamente la barrera 
hematoencefálica y produce un perfil farmacológico similar al de la cocaína (Büttner et 
al., 2003).  
 La cocaína produce sus efectos de refuerzo a través del aumento de los niveles 
de dopamina extracelulares en los terminales dopaminérgicos del sistema 
mesocorticolímbico y nigroestriatal provocado por el bloqueo de la recaptación de 
dopamina (Fig. 10), así como por la activación de la tirosina hidroxilasa (Kreek et al., 
2012; Büttner et al., 2003). El principal efecto agudo de la cocaína es una intensa 
sensación de euforia, debida sobre todo al aumento de la estimulación del sistema 
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3.3. El éxtasis 
 El éxtasis es una droga sintética cuyo consumo, en los últimos años, se encuentra 
concentrado entre los jóvenes, siendo los hombres los que generalmente reportan unos 
mayores niveles de uso que las mujeres. La prevalencia de uso de éxtasis en jóvenes de 
entre 15 y 16 años varía en un rango de entre un 1 y un 4% entre los diversos países 
europeos (EMCDDA, 2012). En España, la edad media para el inicio del consumo de 
este psicoestimulante es de 15,3 años y en el 2010 se observó una prevalencia de 
consumo entre los jóvenes de entre 14 y 18 años del 3,2% en los varones y del 1,9 en las 
mujeres (ESTUDES, 2010). El éxtasis es generalmente consumido como una droga 
recreacional entre jóvenes que asisten a fiestas “rave” o de música electrónica (Schenk, 
2011; Parrott, 2004, 2007). Así, en una encuesta realizada entre los jóvenes que asisten 
a este tipo de fiestas en Ámsterdam, se observó que la prevalencia de uso de esta droga 
se sitúa en torno al 33% (EMCDDA, 2012). 
 El éxtasis posee como principal componente activo la MDMA o 3,4-
metilendioximetanfetamina. Este compuesto fue sintetizado por Anton Kollisch hace 
más de 100 años y fue patentado por la compañía farmacéutica Merck en el año 1912 
como intermediario químico en la producción de hidrastinina, un astringente para el 
control de la coagulación (Piper, 2007) El éxtasis se vende generalmente en forma de 
pastillas (Fig. 11B) que contienen un alto contenido en MDMA; en 2010 la media del 
contenido de MDMA en cada pastilla de éxtasis fue de entre 3 y 104 mg (EMCDDA, 
2012). Sin embargo, aparte de la MDMA, existen otros análogos que pueden 
encontrarse también, aunque en proporciones más bajas, como son la MDA (3,4-
metilendioxianfetamina), la MDEA (3,4-metilendioxietilamfetamina) y la MBDB (N-
metil-1-3,4-metilenodioxifenil-2 butamina) (Fig 11A) (EMCDDA, 2012; Gouzoulis-
Mayfrank y Daumann, 2009). 
La MDMA es un derivado anfetamínico derivado de la β-feniletilamina (Fig. 
11A) que se une, principalmente, a los transportadores de serotonina y dopamina, 
provocando una liberación de neurotransmisores a través de la inhibición de su 
recaptación y la reversión de sus transportadores (Palenicek et al., 2005; Parrott, 2004, 
2007). En los seres humanos, la MDMA causa euforia además de un aumento de la 
energía y de la sociabilidad (Schenk, 2011; Palenicek et al., 2005). También produce 
diversos síntomas fisiológicos como son un incremento de la presión sanguínea, de la 
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sustancia provoca a largo plazo una importante reducción de la densidad de 
transportadores de serotonina en los seres humanos y en ratas [ver revisiones de 
Mohamed et al., (2011), Baumann et al. (2007) y Piper (2007)]. Asimismo, el consumo 
continuado de éxtasis se ha relacionado con la aparición de un gran número de 
trastornos neuropsiquiátricos, incluyendo alteraciones del control de los impulsos, 
inestabilidad emocional y episodios psicóticos, así como con déficits cognitivos 
(Mohamed et al., 2011; Parrott et al., 2007). 
Muchos de los consumidores de éxtasis son además consumidores de otras 
drogas de abuso (Parrott et al., 2007) como el alcohol, la nicotina, el cannabis, la 
cocaína, la anfetamina y los alucinógenos (Grov et al., 2009; Kelly et al., 2006; Martins 
et al., 2006; Scholey et al., 2004; Winstock et al., 2001). Este elevado porcentaje de 
policonsumo entre los consumidores de éxtasis hace pensar que son sustancias de 
consumo ocasional, es decir, su consumo es secundario o complementario al de otras 
sustancias y se consumen cuando ya existe una adicción previa a otras drogas de abuso 
(ESTUDES, 2010). En la presente Tesis Doctoral, hemos tenido en cuenta la alta tasa de 
policonsumo de MDMA y cannabis entre los jóvenes a la hora de diseñar uno de 
nuestros objetivos, mediante la utilización de un modelo animal de exposición a ambas 
drogas de abuso durante la adolescencia. 
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4. CONDICIONAMIENTO Y EXTINCIÓN DEL MIEDO 
 
 El miedo es una respuesta adaptativa que ha evolucionado para proporcionar 
protección frente a un estímulo que puede ser potencialmente dañino (Graham y Milad, 
2011). La sensación de miedo es amoldable y permite al animal ajustar sus respuestas 
según demande la situación bien aumentándolas o disminuyéndolas (Riebe et al., 2012). 
Sin embargo, cuando la intensidad de la respuesta de miedo es excesiva y/o 
desproporcionada a la situación real, crónica, irreversible y/o no está asociada a ningún 
riesgo puede conducir a la aparición de trastornos de la ansiedad tales como fobias, 
trastornos de pánico y trastorno por estrés postraumático (PTSD, del inglés Post-
traumatic stress disorder) (Graham y Milad, 2011; Ruehle et al., 2011). Se estima que 
un 25% de los habitantes de países desarrollados han padecido en algún momento algún 
trastornos de la ansiedad (Kessler et al., 2005a). Sin embargo, lo que más preocupa es 
que a pesar del incremento del número de individuos que están siendo tratados para 
alguno de estos trastornos, no se observa una disminución en las tasas de prevalencia 
(Kessler et al., 2005b).  
Tradicionalmente, el tratamiento de los trastornos de la ansiedad ha sido 
abordado mediante fármacos tales como benzodiacepinas o inhibidores selectivos de la 
recaptura de la serotonina, los cuales ofrecen un alivio sintomático, pero con el 
inconveniente de la aparición de recaídas una vez terminado el tratamiento. La terapia 
cognitiva-conductual (CBT; del inglés Cognitive-behavioral therapy) es el tratamiento 
psicológico que ofrece mejores resultados para el tratamiento de los trastornos de la 
ansiedad (Graham y Milad, 2011). Uno de sus componentes más importantes es la 
terapia de exposición que consiste en exponer gradualmente al paciente al estímulo que 
se teme, en ausencia de peligro. A pesar de que la CBT es una terapia que tiene buenos 
resultados, no todos los pacientes son capaces de completarla y algunos de ellos son 
incapaces de mantener sus efectos beneficiosos tras largos intervalos de tiempo 
(Hofmann y Smits, 2008; McNally, 2007). 
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4.1. Las respuestas de miedo 
El enfrentamiento con amenazas reales o potenciales conlleva la activación de 
una gran variedad de respuestas de alarma o respuestas de miedo, que pueden ser 
clasificadas según el tipo de efector que esté involucrado, así, por ejemplo, podemos 
encontrarnos con respuestas vegetativas, respuestas conductuales o respuestas 
hormonales. Las respuestas de miedo son altamente adaptativas y permiten la 
supervivencia en ambientes peligrosos. También son reflexivas, es decir, generan un 
patrón de respuesta automática mediante la activación de efectores de la matriz del 
miedo (Riebe et al., 2012)  
La matriz del miedo puede definirse como el conjunto de estructuras implicadas 
en las respuestas de miedo. Dentro de la matriz del miedo nos encontramos con regiones 
cerebrales tales como la amígdala, el hipotálamo lateral, la sustancia gris periacueductal 
y los sistemas dopaminérgicos mesocorticolímbico y nigroestriatal. Las respuestas de 
miedo, a su vez, se encuentran moduladas por centros de control tales como el 
hipocampo y el córtex prefrontal (Mahan y Ressler, 2012; Riebe et al., 2012; Kaplan et 
al., 2011; Myers y Davis, 2007). 
 En el laboratorio, conseguimos que los animales expresen una respuesta de 
miedo a través de la adquisición de una memoria aversiva. Este tipo de aprendizaje se 
obtiene bien por métodos no-asociativos, o bien por métodos asociativos: 
- Los métodos no-asociativos, o de condicionamiento operante, conducen a la 
formación de una respuesta determinada que permite al individuo evitar un 
estímulo aversivo en el futuro. En este marco también podemos hablar de 
procesos de sensibilización en los que se produce un aumento de la respuesta de 
miedo frente a un estímulo amenazante debida a un incremento de la sensibilidad 
de la matriz del miedo causada por la exposición previa a un estímulo estresante o 
doloroso (Fig. 12; Riebe et al., 2012). 
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4.2. Alivio del miedo 
 Otro aspecto importante de la plasticidad del miedo es la habilidad de los 
animales de reconocer la ausencia y/o desaparición de una amenaza y adaptarse a las 
nuevas condiciones. Existe un gran número de procesos distintos cuyo resultado final es 
la disminución de las respuestas de miedo y que pueden basarse, o no, en una 
(re)exposición a un estímulo neutro [para mayor información ver Riebe et al. (2012)]: 
- Olvido. Consiste en la pérdida de la memoria aversiva simplemente debido al 
paso del tiempo. 
- Borrado de la memoria. Describe la reversión de los cambios plásticos acaecidos 
en la matriz del miedo que han causado la asociación estímulo-castigo durante el 
proceso de condicionamiento de miedo. 
- Extinción. Se basa en el desarrollo de nuevas memorias inhibitorias que suprimen 
la memoria de miedo original. La consiguiente disminución de las respuestas de 
miedo podría deberse a los siguientes procesos: 
o Habituación a largo plazo (Fig. 14A). Consiste en una disminución 
paulatina y persistente de la transmisión sináptica de la vía que asocia el 
estímulo con la respuesta de miedo. Podemos decir entonces que la 
habituación es dependiente del estímulo y por ello las respuestas de miedo 
provenientes de otros estímulos, que no se hallaron presentes en las fases de 
extinción, se encuentran inalteradas. 
o Desensibilización (Fig. 14B). Describe la reversión de los cambios no-
asociativos ocurridos en la matriz del miedo durante el condicionamiento, es 
decir, se produce una desensibilización de la matriz del miedo que causa que 
los animales muestren una respuesta de miedo menor ante la presencia de un 
estímulo amenazante. 
o Re-aprendizaje (Fig. 14C). La exposición repetida al EC provoca la 
formación de una nueva memoria que asociaría la presencia del EC con la 
ausencia del EI y que terminaría inhibiendo la expresión de la memoria de 
miedo original. 
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expresión de la respuesta de miedo no-asociativa, por ejemplo, si el animal asocia 
un determinado contexto a la ausencia de amenazas. 
- Disrupción de la reconsolidación o desconsolidación. Se sabe que la evocación 
continuada de una memoria aversiva puede hacer que ésta se vuelva una memoria 
frágil y por tanto difícil de reconsolidar (Nader, 2003). Esta característica 
ofrecería la oportunidad de intervenir en los procesos de reconsolidación, 
mediante métodos farmacológicos, eléctricos o conductuales, para producir así 
una reducción de las respuestas de miedo.  
 Como ya ha sido citado anteriormente, la CBT es el mejor tratamiento 
psicológico que existe para los trastornos de la ansiedad, y dentro de la CBT, el 
componente más importante es la terapia de exposición. Sin embargo, los individuos 
que padecen fobias, trastornos de pánico o PTSD se caracterizan por evitar situaciones 
que produzcan una respuesta de miedo lo que imposibilita en gran medida su 
tratamiento mediante esta técnica psiquiátrica (Otto et al., 2004). En los últimos años, 
los procesos de extinción han atraído considerable atracción ya que representan un 
modelo animal válido para el estudio de los procesos biológicos que subyacen a las 
terapias de exposición presentes en la CBT para el tratamiento de los trastornos de 
ansiedad (Riebe et al., 2012; Graham y Milad, 2011; Kapland, 2011). Así, se ha 
observado que existen numerosos compuestos, endógenos y exógenos que son capaces 
de modular la extinción del miedo tanto en seres humanos como en roedores [ver para 
mayor información Andero y Ressler (2012)]: 
- Antidepresivos. Son el tratamiento farmacológico por excelencia para el PTSD, 
con todo, existen pocos estudios clínicos que combinen los antidepresivos con una 
terapia de exposición (Choi et al., 2010; Hetrick et al., 2010) lo que impide 
apoyar o refutar un incremento de la efectividad del tratamiento combinado. 
Existen, sin embargo, datos preclínicos que describen la efectividad de la 
combinación de ambos tratamientos. Así, Karpova et al. (2011) observaron que 
ratones macho, expuestos a un protocolo de extinción y a un tratamiento crónico 
con fluoxetina exhibieron una disminución persistente de la respuesta de miedo, 
efecto que no se repetía cuando los animales fueron tratados con cada uno de los 
tratamientos por separado. 
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- Inhibidores de las histona-deacetilasas. La actividad de estos inhibidores parecen 
mejorar los procesos de aprendizaje emocional (Maddox y Schafe, 2011; Bredy y 
Barad, 2008) a través de la formación de nuevas sinapsis (Fischer et al., 2007). 
Asimismo, se ha descrito que el uso de compuestos como el ácido valproico, la 
tricostatina A o el butirato de sodio parecen incrementar la extinción de memorias 
aversivas tras un condicionamiento contextual cuando son inyectados tanto 
sistémica como intrahipocampalmente (Bredy y Barad, 2008; Bredy et al., 2007; 
Lattal et al., 2007). Sin embargo, en un estudio realizado por Maddox y Schafe 
(2011) se observó que la infusión de tricostatina A en la amígdala lateral 
promovía la consolidación de memorias aversivas tras un condicionamiento de 
señal. Estos resultados hacen pensar en la necesidad de un mayor número de 
estudios que permitan elucidar los cambios epigenéticos que el uso de inhibidores 
de las histona-acetilasas provocan en estructuras implicadas en el procesamiento 
emocional. 
- BDNF y agonistas del receptor TrkB. El factor neurotrófico derivado del cerebro 
(BDNF, del inglés Brain-derived neurotrophic factor) es una de las neurotrofinas 
más estudiadas en los procesos de plasticidad sináptica. Heldt et al. (2007) 
observaron que ratones knock-out condicionales, con una deleción del gen para el 
BDNF en el hipocampo exhibían déficits en la extinción tras un condicionamiento 
de señal, por lo que el BDNF podría cumplir una función importante en los 
procesos de extinción de miedo (Andero y Ressler, 2012). Apoyando esta teoría, 
se ha observado que la administración de BDNF recombinante en el córtex 
infralímbico de ratas produjo un incremento de la extinción tras un 
condicionamiento de señal, incluso sin necesidad de exponer a los animales a un 
protocolo de extinción (Peters et al., 2010). Por otro lado, la 7,8-dihidroxiflavona 
es un agonista del receptor TrkB, cuyos ligandos endógenos son neurotrofinas. Se 
ha observado que la administración de una sola dosis sistémica de esta flavona 
provocó una activación de los receptores TrkB expresados en la amígdala y causó, 
durante el condicionamiento de los animales, una mejor adquisición de la 
memoria aversiva, y durante la extinción, un aumento del alivio sintomático del 
miedo (Andero et al., 2011). A pesar de todo, todavía no se conocen a fondo los 
efectos que la administración de estos compuestos, i.e. BDNF recombinante y 
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agonistas del receptor TrkB, en las diferentes regiones cerebrales que componen 
la matriz del miedo podrían tener sobre la respuesta de miedo 
- D-cicloserina. Este antibiótico induce un aumento de la neurotransmisión 
excitatoria a través de receptores NMDA. Se ha visto que cuando se inyecta 
sistémicamente o cuando se administra directamente a la amígdala basolateral 
facilita la consolidación de la extinción de miedo en diversos trastornos de la 
ansiedad (Otto et al., 2010; Guastella et al., 2008; Kushner et al., 2007; Hoffman 
et al., 2006; Ressler et al., 2004), y es especialmente efectiva en pacientes con un 
miedo maladaptativo y en roedores sometidos a un estrés previo (Myers et al., 
2011).  
- Eje hipotálamo-hipófisis-adrenal (HHA). A pesar de que se necesitan más 
estudios que nos permitan explorar en mayor profundidad la regulación que ejerce 
el eje HHA sobre los procesos de extinción de miedo, es cierto que existe cierta 
relación entre el conocido como eje del estrés y la matriz del miedo. Por ejemplo, 
se sabe que la amígdala es una estructura cerebral imprescindible para el 
condicionamiento de miedo y para la regulación del eje HHA. Por otro lado, un 
tratamiento crónico con dosis elevadas de corticosterona provoca en ratas macho 
una alteración de la extinción de miedo tras un condicionamiento contextual 
(Gourley et al., 2009). 
- Sistema endocannabinoide (SEC). Existen diversas evidencias que indican que el 
SEC está específicamente implicado, a través de los receptores CB1, en la 
extinción de conductas que permiten al individuo evitar un estímulo aversivo [ver 
revisiónes de Trezza y Campolongo (2013), Riebe et al. (2012) y Ruehle et al. 
(2011)]. La modulación que ejerce el SEC sobre la extinción de memorias 
aversivas ha sido previamente descrita en el segundo apartado de la Introducción 
de la presente Tesis Doctoral. 
 En el Bloque III de la presente Tesis Doctoral utilizamos un protocolo de 
condicionamiento de señal modificado para crear una memoria altamente aversiva 
(mediante el uso de un shock eléctrico de 1.5 mA) y posteriormente expusimos a los 
animales a un protocolo de extinción en el que el EC (i.e. un tono) fue presentado de 
manera continuada (durante 3 minutos) a lo largo de tres días consecutivos para así 
conseguir una respuesta de miedo sostenida a lo largo del tiempo y poder utilizar 
diversos fármacos moduladores de la actividad del SEC, con un protocolo de 
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administración tanto agudo como repetido, para comprobar la implicación de este 
sistema en los procesos de extinción de memorias altamente aversivas. 
 
4.3. Extinción de memorias y adicción a drogas 
 Intervenciones clínicas que inhiben respuestas de miedo en los trastornos de 
ansiedad se han revelado efectivas también para la reducción de la ansiedad que aparece 
en individuos adictos a una droga de abuso cuando no pueden acceder a ésta, así como 
para reducir el número de recaídas (Kaplan et al., 2011).  
 En este contexto, la memoria asociada al consumo de la droga se formaría a 
través de un condicionamiento Pavloviano clásico, tanto de señal como de contexto, en 
el que el individuo asociaría los efectos reforzantes de la droga de abuso con EC tales 
como por ejemplo personas, objetos propios del consumo de la droga, dinero o lugares 
específicos (O’Brien et al., 1993). De esta manera, la exposición a uno de estos EC, 
tanto contextuales como de señal, promovería el consumo de la droga y por tanto la 
recaída en su consumo (Crombag et al., 2008; See et al., 2002). Por tanto, tendría 
sentido que los procesos de extinción pudieran ser efectivos para reducir la 
sintomatología adictiva en presencia de estos EC y pudieran promover la recuperación 
de la adicción a una droga de abuso. 
 En investigación nos encontramos con modelos animales establecidos para 
comprobar los efectos adictivos de una droga de abuso cuyas bases se asientan en el 
condicionamiento Pavloviano. Por ejemplo el test de la preferencia condicionada de 
lugar (CPP, del inglés Conditioned place preference) en el que un compartimento con 
un contexto definido se empareja con la administración de la droga. Tras varios 
emparejamientos el animal termina prefiriendo el compartimento con el contexto en 
donde recibió la droga (Aguilar et al., 2009; Tzschentke, 1998). Asimismo, antes de 
comenzar un experimento de autoadministración, los animales deben aprender a 
administrarse la droga, lo cual logran mediante un condicionamiento operante, en el que 
una acción (por ejemplo empujar una palanca) se empareja con una recompensa 
(comida). 
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 En los últimos años han surgido un gran número de trabajos que han demostrado 
la eficacia de tratamientos farmacológicos y conductuales para incrementar la extinción 
no sólo de memorias aversivas sino también de memorias asociadas al consumo de 
drogas de abuso (Kaplan et al., 2011). También se ha observado que fármacos que 
facilitan la extinción son eficaces para el tratamiento de las drogodependencias. Así, por 
ejemplo, se ha visto que la D-cicloserina es un agente eficaz para atenuar las ganas de 
fumar en personas dependientes de la nicotina (Santa Ana et al., 2009) y que el butirato 
de sodio, un inhibidor de las histona-deacetilasas, facilitó la extinción del 
condicionamiento de lugar provocado por cocaína en ratones (Malvaez et al., 2010). 
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Consideraciones preliminares 
El consumo de drogas es prevalente entre adolescentes que tienen una patología 
psiquiátrica que precisa ingreso hospitalario y son numerosos los autores que relacionan 
el consumo de drogas y la patología psiquiátrica en la adolescencia. Se sabe que las 
propias sustancias tanto durante la intoxicación como durante la abstinencia pueden 
generar determinadas alteraciones de la conducta y síntomas psiquiátricos pero, además, 
es muy posible que determinados trastornos psiquiátricos y los relacionados con el 
consumo compartan bases neurobiológicas y/o que existan factores comunes en su 
desencadenamiento y desarrollo (factores genéticos, trastornos en la infancia, estrés, 
etc). En los períodos críticos perinatal y adolescente el cerebro, que se encuentra en 
plena fase de desarrollo, muestra una especial vulnerabilidad en relación tanto a 
factores estresantes como a los efectos de las drogas de abuso y a la aparición de 
trastornos psiquiátricos. En particular, la esquizofrenia suele mostrar sus primeros 
síntomas en edad juvenil/adulto joven. Es destacable el consumo de drogas en pacientes 
con esquizofrenia que para algunos autores alcanza hasta el 60%. El cannabis 
(marihuana, hachis), la MDMA (éxtasis) y la cocaína, son las drogas ilícitas más 
ampliamente consumidas hoy en día y en ellas nos hemos centrado en este proyecto.  
Para los dos primeros objetivos generales de esta Tesis Doctoral, hemos 
utilizado dos modelos animales con el fin de estudiar 1) las interacciones entre el estrés 
en edades tempranas, edad neonatal concretamente, y consumo de drogas en etapa 
juvenil y sus relaciones con desórdenes neuropsiquiátricos, incluida la adicción y 2) el 
impacto a largo plazo del consumo combinado de cannabis y MDMA en edad 
adolescente.  
Dos “temas” centrales de esta Tesis Doctoral, que recorren transversalmente los 
diversos objetivos son el sistema endocannabinoide y los dimorfismos sexuales.  
En cuanto al tercer y último objetivo general de esta Tesis Doctoral, constituye 
la aportación específica para la obtención de Doctorado Europeo y el correspondiente 
trabajo experimental se realizó durante dos estancias (un total de 12 meses) del 
doctorando en el laboratorio del Dr Carsten T. Wotjak en el Instituto Max Planck de 
Psiquiatría en Munich. En particular, en el citado laboratorio se realizan estudios sobre 
la extinción de un miedo exagerado mediante técnicas de reexposición, y la implicación 
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del SEC en tales procesos. El trastorno por estrés postraumático es una enfermedad 
grave con efectos psiquiátricos a largo plazo que se desarrolla tras haber sufrido 
uno o varios eventos que potencialmente ponen en riesgo la vida del individuo. Uno 
de los síntomas más importantes y que dificultan su tratamiento, a través de una terapia 
de exposición, es la evitación de estímulos asociados con el trauma, que impiden al 
individuo seguir con su vida normal. En la actualidad, se sabe que existe una relación 
entre el SEC y el procesamiento de memorias aversivas. Sin embargo, los modelos 
animales de extinción del miedo presentan una importante limitación, como es la 
imposibilidad de testar tratamientos crónicos. Así pues, en el tercer bloque de la 
presente Tesis Doctoral nos fijamos como objetivo 3) la caracterización de un modelo 
animal de condicionamiento de miedo en el que la respuesta de freezing, o respuesta 
conductual asociada al miedo, no decreciera tras varios días de extinción, y por otro 
lado conocer la implicación del SEC en la extinción de memorias altamente aversivas.  
 
1.PRIMER OBJETIVO GENERAL (modelo de los dos impactos) 
 
Nuestro primer objetivo general se sitúa en el contexto de la teoría de los dos 
impactos (two hits), Según nuestra hipótesis, el modelo de separación materna (SM) 
temprana [24 horas a día postnatal (DP) 9], al que nos hemos referido en detalle en la 
Introducción, y sobre el que nuestro grupo viene trabajando extensamente en los últimos 
años, representa un factor ambiental de vulnerabilidad que actúa sobre una base 
genética (cepa Wistar). Sobre estos individuos vulnerables, esperamos que los 
tratamientos con cannabinoides, cocaína o 3,4-metilendioximetanfetamina (MDMA) 
induzcan efectos más marcados que en sujetos no vulnerables (no sometidos a SM) 
sobre diversos parámetros psiconeuroendocrinos. Nuestro objetivo general es, para 
poner a prueba esta hipótesis, analizar la posible interacción entre un estrés de SM 
temprana, (primer factor de impacto que hace al individuo más vulnerable), y la 
administración crónica de un agonista cannabinoide, cocaína o MDMA en etapa juvenil 
(segundo factor de impacto).  
HIPÓTESIS Y OBJETIVOS 
 
 
79 
 
Dentro de este primer objetivo general, nos propusimos los siguientes objetivos 
específicos: 
 
1.1. CONSECUENCIAS, A LARGO PLAZO, DE LA EXPOSICIÓN DE RATAS 
MACHO Y HEMBRA A SEPARACIÓN MATERNA NEONATAL Y/O A UN 
AGONISTA CANNABINOIDE EN EDAD JUVENIL 
Analizar la posible interacción entre la SM (primer impacto) y la exposición 
adolescente a un agonista cannabinoide, CP-55,940 (CP) (segundo impacto), 
examinando los efectos a largo plazo de estos dos tratamientos a diferentes niveles de la 
fisiología y el comportamiento de los individuos sujetos de nuestro estudio. 
Esperábamos que la combinación de ambos desafíos en etapas críticas del desarrollo 
pudiera dar lugar a efectos aditivos o incluso de potenciación. En todos los 
experimentos se han considerado animales machos y hembras por separado dado que, 
de acuerdo con nuestra experiencia previa, tanto la SM como los tratamientos con 
agonistas cannabinoides en periodo adolescente producen alteraciones distintas 
dependiendo del sexo. Con el fin de poner a prueba nuestra hipótesis hemos estudiado 
una serie de parámetros que nos proporcionaran un cuadro diverso de posibles 
alteraciones psicofisiológicas, así como posibles correlatos a nivel de alteraciones 
cerebrales mediante análisis inmunohistoquímico (véase debajo). 
- Inhibición prepulso (PPI) de la respuesta de sobresalto.  
- Actividad locomotora y exploratoria en el tablero con agujeros (TCA). 
- Respuestas relacionadas con ansiedad en el laberinto en cruz elevado (LCE). 
- Función del eje hipotalámo-hipofisis-adrenal (HHA) en respuesta a situaciones de 
estrés  
- Evolución del peso corporal y valoración de los niveles séricos de leptina en 
relación con el papel de esta hormona en el control del balance energético. 
- Análisis inmunohistoquímico, atendiendo a los siguientes parámetros: receptores 
cannabinoides CB1, células positivas para la proteína fibrilar acídica de la glía 
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(GFAP; del inglés glial fibrillary acidic protein) y  expresión del factor 
neurotrófico derivado del cerebro (BDNF; del inglés brain-derived neurotrophic 
factor) en el hipocampo de los mismos animales 
 
1.2. LA SEPARACIÓN MATERNA EN RATAS NEONATALES AFECTA AL 
CONDICIONAMIENTO DE PREFERENCIA DE LUGAR INDUCIDO POR MDMA 
DE FORMA DEPENDIENTE DEL SEXO.  POSIBLES CORRELATOS 
NEUROQUÍMICOS. 
Evaluar hasta qué punto el estrés neonatal de separación de la madre podría 
afectar la proclividad al consumo de MDMA. Para este fin utilizamos el modelo de 
preferencia condicionada de lugar (CPP, del inglés Conditioned place preference) que 
representa un abordaje válido para valorar los efectos reforzantes de diferentes tipos de 
drogas de abuso. Para el estudio de posibles correlatos neuroquímicos, analizamos tanto 
el sistema serotonérgico como el receptor CB1, además, también medimos niveles de 
leptina y corticosterona dado que ambas hormonas se ven afectadas tanto por la SM 
como por la MDMA (cuando se administran por separado) 
 
1.3. EFECTOS A LARGO PLAZO, SEXO-DEPENDIENTES, DE LA SEPARACIÓN 
MATERNA Y/O UN TRATAMIENTO JUVENIL CON COCAÍNA SOBRE 
RECEPTORES CANNABINOIDES CB1 CEREBRALES Y CB2 PERIFÉRICOS 
La cocaína es una de las drogas ilícitas más consumidas en Europa, y es 
normalmente consumida por adolescentes, y el sistema endocannabinoide (SEC) está 
crucialmente implicado en procesos relacionados con la adicción. En el presente estudio 
hemos investigado los efectos a largo plazo de la administración adolescente de cocaína 
y/o la SM sobre la densidad y actividad de receptores CB1 en diversas áreas cerebrales. 
Además, teniendo en cuenta la comorbilidad de las drogas de abuso con numerosas 
enfermedades infecciosas y el papel clave que juega el SEC en la función inmune, se 
evaluaron también los receptores CB2  en tejidos del sistema inmunitario. 
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2.SEGUNDO OBJETIVO GENERAL (modelo de exposición combinada a 
cannabis y éxtasis durante el período periadolescente) 
 
EFECTOS A LARGO PLAZO DEL THC Y LA MDMA EN UN MODELO EN RATA 
DE CONSUMO ADOLESCENTE DE DROGAS 
El éxtasis es un droga recreacional ampliamente utilizada y que suele 
consumirse junto al cannabis. A pesar de que estas drogas ilícitas son empleadas 
frecuentemente por adolescentes, muy pocos estudios animales han analizado su 
interacción durante la adolescencia. El segundo objetivo general de esta Tesis consistió 
en estudiar las consecuencias fisiológicas y conductuales de la administración en ratas 
Wistar, tanto machos como hembras, durante el periodo adolescente, del principal  
componente psicoactivo del cannabis, el Δ9-tetrahidrocannabinol (THC) y de éxtasis 
(MDMA). Se estableció un protocolo de administración que mimetizara el patrón de 
consumo en humanos, a saber,  THC crónico con dosis crecientes desde la adolescencia 
temprana, seguido de un consumo de "fin de semana” de MDMA. Los animales 
realizaron las pruebas del TCA y del LCE un día después de haber terminado el 
tratamiento farmacológico (animales aún adolescentes), mientras que la prueba de 
reconocimiento de objetos (NOT; del inglés novel object recognition) y la de inhibición 
prepulso (PPI) de la respuesta de sobresalto se realizaron en la etapa adulta. Además se 
evaluó por Western blot la fosforilación de la quinasa regulada por señales 
extracelulares (pERK, del inglés extracelular signal-regulated kinases) y la proteína 
asociada al citoesqueleto regulada por actividad (Arc; del inglés activity-regulated 
citoskeleton-associated protein) en el hipocampo y el córtex prefrontal. Asimismo, se 
analizaron los niveles de ARNm hipotalámicos de prepro-orexina y se determinaron los 
niveles circulantes de corticosterona y leptina. Además, nos propusimos hacer un 
estudio inmunohistoquímico sobre áreas cerebrales discretas de estos animales con el 
fin de evaluar el impacto de los tratamientos sobre el transportador de serotonina 
(SERT), el receptor CB1 cannabinoide y células de glía (astrocitos y microglía). 
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Análisis transversal de diferencias sexuales 
Tanto en relación con desórdenes neuropsiquiátricos como en lo que respecta al 
abuso de drogas, se observan con mucha frecuencia diferencias sexuales. Sin embargo 
la atención que reciben estas diferencias tanto en estudios en humanos como en estudios 
experimentales es todavía insuficiente. Nuestro grupo de investigación se ha 
caracterizado desde hace muchos años por hacer un especial hincapié en los 
dimorfismos sexuales y su base neurobiológica. En este proyecto, hemos evaluado el 
efecto del sexo en todos los experimentos correspondientes a los dos primeros objetivos 
generales. 
 
3. TERCER OBJETIVO GENERAL (modelo animal de miedo extremo e 
implicación del SEC) 
 
ESTUDIO DE LA ACTIVIDAD DEL SISTEMA ENDOCANNABINOIDE EN UN 
MODELO ANIMAL DE MIEDO EXTREMO. EFECTOS OPUESTOS DE LA 
ANANDAMIDA Y DEL 2-AG 
Caracterizar un modelo animal de miedo extremo en el que un periodo de 
extinción consistente en 3 días consecutivos de exposición al estímulo condicionado 
(EC) no indujese una disminución significativa de la respuesta de freezing. Una segunda 
fase de este objetivo consistió en aplicar sobre este modelo tratamientos crónicos, 
administrados antes de cada test de extinción del miedo, cuya función fuese la de actuar 
sobre los diversos componentes del SEC para poder así conocer su implicación en la 
consolidación y extinción del miedo. Entre los fármacos cannabinoides que se 
emplearon se encuentran agonistas y antagonistas de los receptores CB1, CB2 y de 
potencial transitorio vaniloide 1 (TRPV1, del inglés Transient receptor potential 
vanilloid 1), así como potenciadores de la señal endocannabinoide a través de 
inhibidores del transportador o inhibidores de la degradación de los endocannabinoides. 
Asimismo, se emplearon ratones knock-out condicionales Nex y Dlx, que presentan una 
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deleción del receptor CB1 a nivel de los terminales glutamatérgicos y GABAérgicos 
respectivamente, para profundizar en los sistemas de neurotransmisión a través de los 
cuales el SEC contribuye a la regulación del aprendizaje de memorias aversivas. 
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Consecuencias, a largo plazo, de la exposición de ratas macho y 
hembra a separación materna neonatal y/o a un agonista 
cannabinoide en edad juvenil  
 
Análisis conductual y endocrino 
Diversas evidencias indican que experiencias traumáticas durante periodos 
tempranos del desarrollo podrían estar asociadas a la aparición de psicopatologías 
(como por ejemplo la depresión o la esquizofrenia) y a una función neuroendocrina 
alterada en etapas posteriores de la vida (Levine, 2005; Moffett et al., 2007; Tyrka et 
al., 2008). Entre los modelos experimentales utilizados para el estudio de experiencias 
estresantes en edades tempranas, uno de los más empleados es la separación materna 
(SM) neonatal en roedores, que suele aplicarse, de forma general, o bien en períodos 
relativamente cortos durante varios días consecutivos o bien mediante un solo episodio 
de separación durante 24 horas. Es relevante mencionar, que este modelo de estrés 
neonatal suele aplicarse durante el periodo de hiporreactividad al estrés (SHRP, del 
inglés Stress hyporesponsive period), que se prolonga durante los días postnatales (DP) 
4-14, y se caracteriza por una reducida respuesta adrenocortical a factores estresantes 
(Levine, 2001, Marco et al., 2009). Estos tratamientos parecen ser herramientas útiles 
para investigar el impacto del estrés en periodos tempranos del desarrollo sobre diversos 
parámetros tanto conductuales como neuroendocrinos. Cabe destacar que ratas adultas 
sometidas a un episodio de SM de 24 horas a DP 9 mostraron anormalidades 
conductuales que se asemejan a signos de tipo psicótico, incluyendo alteraciones de la 
inhibición prepulso (PPI, del inglés prepulse inhibition) de la respuesta de sobresalto, la 
inhibición latente, el filtrado sensorial auditivo y la habituación a la respuesta de 
sobresalto [ver revisión de (Elenbroek et al., 2004)].  Se ha relacionado la alteración de 
la PPI con el déficit de filtrado sensomotor y los procesos atencionales presentes en la 
esquizofrenia (Van den Buuse et al., 2003; Geyer et al., 2001; Weiss y Feldon, 2001). 
En estos animales también se observaron, en edad adulta, una disminución de los 
niveles hipocampales de: neuropéptido Y (NPY), el péptido relacionado con el gen de la 
calcitonina, la molécula de adhesión celular neuronal (NCAM, del inglés Neural 
BLOQUE I 
CAPÍTULO 1 
 
 
88 
 
cellular adhesion molecule) polisializada y el factor neurotrófico derivado del cerebro 
(BDNF, del inglés brain-derived neurotrophic factor) así como una disminución de las 
subunidades NR-2A y NR-2B del receptor NMDA [ver para revisión (Ellenbroek y 
Riva, 2003; Ellenbroek et al., 2004)]. Además, en nuestro grupo de investigación hemos 
demostrado que, durante la adolescencia, ratas sometidas a este mismo tratamiento de 
SM mostraron un comportamiento de tipo depresivo y respuestas alteradas a un agonista 
cannabinoide (Llorente et al., 2007) y una tendencia a una mayor impulsividad (Marco 
et al., 2007a). En estudios realizados para analizar posibles alteraciones en el desarrollo 
del cerebro de estos animales, también hemos demostrado que la SM ocasionó un 
aumento de neuronas en proceso de degeneración y un aumento del número de células 
inmunorreactivas a la proteína fibrilar acídica de la glía (GFAP, del inglés glial 
fibrillary acidic protein) en el hipocampo y la corteza cerebelosa de ratas neonatales, 
efectos que, en general, fueron más marcados en machos que en hembras. Más aún, la 
SM también causó una disminución duradera de los niveles circulantes de leptina y un 
aumento de la corticosterona en ambos sexos (López-Gallardo et al., 2008; Llorente et 
al., 2008; 2009; Viveros et al., 2009). Estas alteraciones apoyan nuestra hipótesis de 
que el estrés neonatal que supone la SM podría ser un modelo útil para examinar 
síntomas conductuales con una etiología en el neurodesarrollo. 
La adolescencia representa una fase crítica en el desarrollo durante la cual el 
sistema nervioso muestra una plasticidad única. Durante este periodo todavía están 
teniendo lugar la maduración y la nueva disposición de las principales vías de 
neurotransmisión (Spear, 2000; Romeo, 2003; Laviola y Marco, 2011), incluyendo el 
sistema endocannabinoide (SEC) (Rodríguez de Fonseca et al., 1993; Viveros et al., 
2012a, 2012b). Se considera que la adolescencia transcurre entre aproximadamente los 
12 y 20-25 años en humanos y alrededor de los DP 28-42 en roedores (Spear, 2000; 
Adriani y Laviola, 2004). El periodo adolescente ha sido identificado como una fase del 
desarrollo particularmente vulnerable a los efectos adversos de la exposición a cannabis. 
De manera notable, en personas predispuestas, la exposición temprana al cannabis 
incrementa el riesgo de desarrollar esquizofrenia y puede exacerbar síntomas en 
pacientes psicóticos (Di Forti et al., 2007; Leweke y Koethe, 2008; Fernández-Espejo et 
al., 2009; Sewell et al., 2009). Además, estudios tanto en humanos como en animales 
indican que el uso de cannabis durante la adolescencia, puede producir efectos 
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adicionales negativos como alteraciones cognitivas, sintomatología depresiva y un 
aumento del riesgo a desarrollar más tarde trastornos relacionados con el abuso de 
sustancias. Es más, diversos resultados apuntan a dimorfismos sexuales en la forma de 
presentarse ciertos efectos (Sundram, 2006; Biscaia et al., 2008; Higuera-Matas et al., 
2008; Rubino et al., 2008; Schneider, 2008; Fernández-Espejo et al., 2009; Wegener y 
Koch, 2009; Viveros et al., 2012a; 2012b; Craft et al., 2012).  
El periodo periadolescente también parece ser crítico para el desarrollo de los 
receptores CB1 y los niveles de endocannabinoides (Rodríguez de Fonseca et al., 1993; 
Wenger et al., 2002, Marco et al., 2009; Viveros et al., 2011), y el SEC juega un papel 
prominente en la homeostasis emocional (Viveros et al., 2007a; 2007b; Marco y 
Viveros, 2009). Por tanto, es concebible que una interferencia crónica por parte de 
cannabinoides exógenos en el SEC en desarrollo durante este periodo crítico pueda 
producir alteraciones funcionales severas y persistentes (Schneider y Koch, 2007). De 
hecho, hay evidencias sustanciales que indican que la exposición a diversos agonistas 
cannabinoides durante el periodo adolescente ejerce efectos deletéreos a largo plazo en 
la edad adulta en relación a la atención, la memoria, la ansiedad, la conducta afectiva y 
la susceptibilidad a la adicción. Por ejemplo, en ratas macho, la exposición crónica a Δ9-
tetrahidrocannabinol (THC) durante la adolescencia, disminuyó la conducta social y la 
memoria de reconocimiento de objetos (Quinn et al., 2008), mientras que aumentó la 
autoadministración de heroína (Ellgren et al., 2007). La exposición de ratas macho al 
agonista cannabinoide WIN55212-2 aumentó el comportamiento de tipo depresivo en 
las pruebas de natación forzada y preferencia por sacarosa y favoreció conductas de tipo 
ansiogénico en la prueba de alimentación suprimida por la novedad (Bambico et al., 
2010), alteró la memoria de reconocimiento (Wegener y Koch, 2009; Schneider et al., 
2005; Schneider y Koch, 2003) y redujo el juego social y la conducta social (Schneider 
y Koch, 2005). De acuerdo con todo lo anterior, el tratamiento adolescente con el 
agonista cannabinoide CP-55,940 (CP) ocasionó una alteración de la memoria de 
reconocimiento de objetos y la conducta social en ratas adultas tanto macho (O’Shea et 
al., 2006) como hembra (O’Shea et al., 2004). Sin embargo, existen pocos estudios que 
comparen directamente ambos sexos. En ciertos trabajos anteriores de nuestro grupo y 
de otros autores, que incluyen ambos sexos, se observó que la administración crónica de 
CP (0,4 mg/kg) en la adolescencia causó efectos sexo-dependientes a largo plazo sobre 
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la actividad/exploración y las respuestas de ansiedad en ambientes nuevos (Biscaia et 
al., 2003), así como en la autoadministración de morfina y cocaína (Biscaia et al., 2008; 
Higuera-Matas et al., 2008). Asimismo, encontramos que la exposición adolescente a la 
misma dosis de CP causó en hembras una alteración de la memoria espacial en el test 
conductual de localización de objetos, mientras que en los machos produjo una 
disminución del tiempo de exploración del objeto nuevo en la prueba de reconocimiento 
de objetos (NOT, del inglés Novel object test; Mateos et al., 2011). Rubino et al. (2008) 
en un estudio sobre el impacto a largo plazo de administración crónica de THC en ratas 
adolescentes observaron que, en hembras, la exposición al THC ocasionó, en edad 
adulta, un aumento del tiempo de inmobilidad en el test de natación forzada (que se 
considera como un índice de comportamiento de tipo depresivo), y una disminución de 
la preferencia por la sacarosa (indicativa de anhedonia), así como alteraciones 
bioquímicas (activación de CREB) en córtex frontal, hipocampo y núcleo accumbens, 
mientras que en machos sólo se observó anhedonia en el test de preferencia a sacarosa, 
datos que indican efectos sexo-dependientes del tratamiento con el agonista 
cannabinoide. Recordemos, además, que hemos encontrado también numerosos efectos 
celulares y bioquímicos sexo-dependientes de la SM (Llorente et al., 2007; 2008; 2009; 
López-Gallardo et al., 2008), incluyendo una desregulación sexo-dependiente del SEC 
[Suárez et al., 2009; 2010; ver revisiones de Viveros et al., (2009) y (2012a)]. 
A pesar de que se ha demostrado que ambos, la SM y un tratamiento cannabinoide 
durante la adolescencia, por separado, producen importantes efectos conductuales y 
neuroendocrinos a largo plazo, cabe pensar que la combinación de los dos tratamientos 
pudiera tener un mayor impacto que cada uno de ellos por separado. Al hilo de esta 
reflexión, Maynard et al. (2001) desarrolló la hipótesis del “doble impacto” de la 
esquizofrenia que puede ser aplicado a otras psicopatologías. De acuerdo con esta 
teoría, el normal neurodesarrollo temprano podría verse alterado por factores 
ambientales y/o genéticos (“primer impacto”), lo que podría llevar a un aumento a largo 
plazo de la vulnerabilidad a un “segundo impacto” (que podría consistir por ejemplo en 
exposición a estrés o drogas en edades posteriores de la vida). En este marco, estudios 
previos han analizado la interacción de la SM y el estrés en adultos jóvenes (Garner et 
al., 2007; Choy et al., 2008; 2009). En el presente estudio, quisimos abordar la posible 
interacción entre el estrés de la SM (“primer impacto”) y la exposición adolescente a un 
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agonista cannabinoide (“segundo impacto”). En particular, hemos investigado los 
efectos a largo plazo de la SM y/o un tratamiento crónico adolescente con el agonista 
cannabinoide CP sobre los siguientes parámetros:  
1. la PPI, como medida de la capacidad de atención.  
2. el comportamiento en el tablero con agujeros (TCA), como una medida de 
exploración dirigida a estímulos y actividad motora 
3. el comportamiento en laberinto en cruz elevado (LCE), para evaluar respuestas de 
ansiedad y comportamientos de riesgo 
4. la función del eje hipotalámico-hipofisario-adrenal (HHA) en condiciones basales 
y en respuesta a un estrés moderado 
5. la ganancia de peso y los niveles de leptina.  
En todos los experimentos hemos analizado la posible existencia de diferencias 
sexuales. Además, evaluamos el comportamiento materno para detectar posibles efectos 
de la SM sobre la madre 
 
Análisis Inmunohistoquímico 
El estudio conductual y endocrino descrito en la sección 1.1 de este primer 
capítulo constituye, hasta lo que conocemos, la primera aproximación experimental al 
análisis de los efectos psicofisiológicos a largo plazo de la combinación de nuestro 
modelo de SM y la exposición adolescente a CP en ratas de ambos sexos. En este 
siguiente trabajo, analizamos, en los cerebros de los mismos animales utilizados en el 
primer estudio, los receptores cannabinoides CB1, las células GFAP+ y la expresión de 
BDNF en hipocampo (López-Gallardo et al., 2012). A continuación exponemos 
brevemente qué nos llevó a elegir estos parámetros y esta región cerebral.  
El grupo de Ellenbroek había descrito cambios inducidos por la SM en la 
expresión del BDNF hipocampal (Ellenbroek y Riva, 2003; Ellenbroek et al., 2004) una 
molécula que nos interesó particularmente por su implicación en regular la 
supervivencia celular y la diferenciación. En estudios previos habíamos demostrado 
claramente que la SM altera el SEC en desarrollo. Así, los animales SM neonatales 
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tenían un incremento de los niveles de 2-AG (2-araquidonilglicerol) y una disminución 
de la inmunorreactividad de CB1 en el hipocampo, siendo estas alteraciones más 
marcadas en machos (Llorente et al., 2008; Suárez et al., 2009). Además, la SM 
también disminuyó significativamente la monoacilglicerol lipasa (MAGL) hipocampal, 
la enzima más importante encargada de la degradación de 2-AG, como se refleja por 
RT-PCR e inmunohistoquímica. Esta disminución, de nuevo, fue más marcada en 
machos que en hembras (Suárez et al., 2010). Es más, dos inhibidores de la inactivación 
de los endocannabinoides modularon los efectos celulares producidos por el estrés de la 
SM anteriormente citados (Llorente et al., 2007). En conjunto, estos datos apuntan a una 
clara asociación entre el estrés producido por la SM y la desregulación del SEC. 
También habíamos descrito que la SM provocó un rápido cambio en el número de 
células GFAP+ además de en los receptores CB1 en el hipocampo de ratas neonatales 
(DP 13) (Llorente et al., 2008; 2009). Con este trabajo pretendimos investigar si estas 
alteraciones persisten en la edad adulta. Además, previamente habíamos informado de 
que el tratamiento con el agonista cannabinoide CP, a una dosis de 0.4 mg/kg/día (DP 
28-43), causó a largo plazo, efectos perjudiciales sexo-dependientes sobre la memoria, 
así como cambios en los receptores CB1 de las áreas CA1 y CA2 del hipocampo 
(Mateos et al., 2011). Como se ha indicado en la Introducción general, el hipocampo es 
una de las regiones cerebrales que muestra una mayor expresión de receptor CB1 
(Herkenham et al., 1990), la administración intrahipocampal de compuestos 
cannabinoides produce alteraciones en la memoria (Lichtman et al., 1995), y los 
cannabinoides desincronizan el montaje neuronal en el hipocampo, lo que posiblemente 
ocasione las alteraciones en la memoria observadas (Robbe et al., 2006). Además, se 
han reportado cambios morfológicos en el hipocampo tras una administración crónica 
de cannabinoides (Lawston et al., 2000; Tagliaferro et al., 2006).  
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Sex-dependent effects of maternal deprivation and
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ABSTRACT adb_318 624..637
Early life experiences such as maternal deprivation (MD) exert long-lasting changes in adult behaviour and reactivity
to stressors. Adolescent exposure to cannabinoids is a predisposing factor in developing certain psychiatric disorders.
Therefore, the combination of the two factors could exacerbate the negative consequences of each factor when
evaluated at adulthood. The objective of this study was to investigate the long-term effects of early MD [24 hours at
postnatal day (PND) 9] and/or an adolescent chronic treatment with the cannabinoid agonist CP-55,940 (0.4 mg/kg,
PND 28–42) on diverse behavioural and physiological responses of adult male and female Wistar rats. We tested them
in the prepulse inhibition (PPI) of the startle response and analysed their exploratory activity (holeboard) and anxiety
(elevated plus maze, EPM). In addition, we evaluated their adrenocortical reactivity in response to stress and plasma
leptin levels. Maternal behaviour was measured before and after deprivation. MD induced a transient increase of
maternal behaviour on reuniting. In adulthood, maternally deprived males showed anxiolytic-like behaviour (or
increased risk-taking behaviour) in the EPM. Adolescent exposure to the cannabinoid agonist induced an impairment
of the PPI in females and increased adrenocortical responsiveness to the PPI test in males. Both, MD and adolescent
cannabinoid exposure also induced sex-dependent changes in plasma leptin levels and body weights. The present
results indicate that early MD and adolescent cannabinoid exposure exerted distinct sex-dependent long-term behav-
ioural and physiological modifications that could predispose to the development of certain neuropsychiatric disorders,
though no synergistic effects were found.
Keywords Adolescent cannabinoid exposure, adrenocortical reactivity, leptin levels, long-term behavioural effects,
maternal deprivation, sex differences.
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INTRODUCTION
Early adverse experiences are now recognized to predis-
pose to several psychopathologies (Heim & Nemeroff
2001; Shea et al. 2005; Morgan & Fisher 2007). In par-
ticular, parent–child separation prior to adolescence
appears to be associated with an increased risk for major
depression (Kendler et al. 2002) and psychosis (Morgan
et al. 2007). One of the rodent models to study early nega-
tive experiences has been maternal deprivation (MD) for
24 hours during the stress hypo-responsive period, lasting
from postnatal days (PNDs) 4–14, and characterized
by a reduced adrenocortical responsiveness to stressors
(Levine 2001). A 24-hour single episode of MD, at differ-
ent time windows during the first 2 weeks of postnatal life,
appears to provide a useful model to investigate the impact
of early life stress on diverse behavioural and neuroendo-
crine parameters (Marco et al. 2009). Notably, adult
rats submitted to a 24-hour episode of MD at PND 9
showed behavioural abnormalities that resemble
psychotic-like symptoms, including disturbances in
prepulse inhibition (PPI), latent inhibition, auditory
sensory gating and startle habituation (see for review
Ellenbroek et al. 2004). Impairment in PPI has been
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related to the deficit in sensorimotor gating and atten-
tional processes presented in schizophrenia (Geyer et al.
2001; Weiss & Feldon 2001; Van den Buuse, Garner &
Koch 2003). In addition, we have shown that, at adoles-
cence, MD rats showed depressive-like behaviour and
altered responses to a cannabinoid agonist (Llorente et al.
2007), as well as a trend towards increased impulsivity
(Marco et al. 2007).
Adolescence represents a critical phase in develop-
ment during which the nervous system shows a unique
plasticity. In rodents, periadolescence has been classically
defined as the ontogenetic period that encompasses the
7–10 days preceding the onset of puberty (at 40 days of
age) and the first few days thereafter (Spear & Brake
1983). During that period, maturation and rearrange-
ment of major neurotransmitter pathways are still taking
place (Spear 2000; Romeo 2003). In general, there are
important maturational changes in several brain areas
important for cognition, emotion, motivation and reac-
tivity to stress such as the prefrontal cortex and limbic
brain structures (see Spear 2000; Ernst, Romeo & Ander-
sen 2009 for a revision). Moreover, a ‘window of vulner-
ability’ appears to exist during the periadolescent period
regarding the onset of certain neuropsychiatric disorders
and vulnerability to addiction (Adriani & Laviola 2004).
In predisposed people, early exposure to cannabis
increases the risk of developing schizophrenia and may
exacerbate symptoms in psychotic patients (Fernández-
Espejo et al. 2009; Sewell, Ranganathan & D’Souza
2009). In addition, both human and animal studies indi-
cate that cannabis use during adolescence may also
produce other negative effects such as cognitive impair-
ment, depressive symptoms and increased risk of further
developing substance abuse disorders (Sundram 2006;
Schneider 2008; Mateos et al. 2010).
The peripubertal period appears to be critical for the
development of cannabinoid CB1-receptors and endocan-
nabinoid levels (Rodriguez de Fonseca et al. 1993;
Wenger et al. 2002), and the endocannabinoid system
plays a prominent role in emotional homeostasis (Marco
& Viveros 2009). Therefore, it is conceivable that chronic
interference of exogenous cannabinoids with the devel-
oping endocannabinoid system during this critical period
may lead to severe and persistent functional impairments
(Schneider & Koch 2007). In fact, there is substantial
evidence indicating that exposure to diverse cannabinoid
agonists during the adolescent period exerts long-lasting
deleterious effects at adulthood in relation to attention,
memory, anxiety, affective behaviour and susceptibility to
addiction. For instance, adolescent exposure of male
rats to chronic delta-9-tetrahydrocannabinol (THC),
decreased social behaviour and object recognition
memory (Quinn et al. 2008), while enhancing heroin
self-administration (Ellgren, Spano & Hurd 2007).
Similarly, exposure of male rats to the cannabinoid
agonist WIN55,212-2 increased depressive-like behav-
iour in the forced swim and sucrose preference tests,
favoured anxiogenic-like behaviours in the novelty-
suppressed feeding task (Bambico et al. 2010), impaired
recognition memory (Schneider & Koch 2003, 2007;
Schneider, Schomig & Leweke 2008) and PPI (Schneider
& Koch 2003; Schneider, Drews & Koch 2005; Wegener &
Koch 2009), and reduced social play and social behav-
iour (Schneider & Koch 2005).
In accordance with the above data, adolescent treat-
ment with the cannabinoid agonist CP-55,940 (2-[(1R,
2R,5R)-5-hydroxy-2-(3-hydroxypropyl) cyclohexyl]-5-
(2-methyloctan-2-yl)phenol) impaired object recognition
memory and social behaviour in both male (O’Shea,
McGregor & Mallet 2006) and female (O’Shea et al. 2004)
adult rats. However, there are scarce studies directly com-
paring both sexes. Chronic administration of CP-55,940
(0.4 mg/kg) induced long-term sex-dependent effects on
activity/exploration and anxiety responses in novel envi-
ronments (Biscaia et al. 2003), as well as on morphine and
cocaine self-administration (Biscaia et al. 2008; Higuera-
Matas et al. 2008). Adolescent (PND 28–43) exposure of
male and female rats to the same dose of CP-55,940 led to
impaired memory in the object location task (spatial
memory) in females, and in the novel object test in males
(Mateos et al. 2010). Rubino et al. demonstrated that
chronic administration of THC in adolescent rats induced
subtle but lasting alterations in the emotional circuits
involved in depressive-like behaviour in adulthood, with
these effects being observed in females but not in males
(Rubino et al. 2008). Notably, we have also found numer-
ous cellular and biochemical sex-dependent effects of MD
(Llorente et al. 2007, 2008, 2009; López-Gallardo et al.
2008), including sex-dependent dysregulation of the
endocannabinoid system (Suárez et al. 2009).
Despite both, MD and cannabinoid treatment during
adolescence have been demonstrated to induce important
long-lasting behavioural and neuroendocrine effects, the
combination of the two treatments may have greater
impact than each one given separately. Thus, Maynard
et al. (2001) developed the ‘two-hit’ hypothesis of schizo-
phrenia that could be applied to other psychopathologies.
According to this theory, the normal early neurodevelop-
ment would be disrupted by environmental or genetic
factors (‘first-hit’), and this would lead to a long-term
increase in the vulnerability to a ‘second-hit’. Within this
framework, previous studies have analysed the interac-
tion of MD and young adult stress (Garner et al. 2007;
Choy et al. 2008; Choy, de Visser & van den Buuse 2009).
In the present study, we aimed to address the possible
interaction between MD stress (‘first-hit’) and adolescent
exposure to a cannabinoid agonist (‘second-hit’). In par-
ticular, we have investigated the long-term effects of MD
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and/or an adolescent chronic treatment with the
cannabinoid agonist CP-55,940 with the following
parameters: (1) the PPI, as a measure of attentional capa-
bilities; (2) the holeboard, as a measure of exploration;
(3) the elevated plus-maze (EPM), as a measure of anxiety
and risk-taking behaviour; (4) the hypothalamic-
pituitary-adrenal (HPA) function in basal conditions and
in response to mild stressors, and (v) the body-weight
gain and leptin levels. In all the experiments, we have
analysed the possible existence of sex-differences.
MATERIALS AND METHODS
Subjects
Wistar rats obtained from Harlan Interfauna Ibérica (Bar-
celona, Spain) were used. Females arrived when they
were about 7 weeks old and males when they were about
9 weeks old. They were housed in the General Vivarium of
the Universitat Autònoma de Barcelona, initially sepa-
rated by sex in groups of 2–3 and housed in polypropy-
lene opaque wire-topped cages with solid bottom
(21.5 ¥ 46.5 ¥ 14.5 cm; Type ‘1000 cm2’, Panlab S.L.U.,
Barcelona, Spain) containing sawdust bedding (Ultra-
sorb, Panlab, S.L.U.) and fed with Diet ‘A04’ (Safe-Panlab
S.L.U). Rats were always maintained at standard tem-
perature conditions (21°C  2) and on a 12–12 hours
light–dark schedule (lights on at 8:00 am). The experi-
mental protocol was approved by the Committee of Ethics
of the Universitat Autònoma de Barcelona, followed the
‘Principles of laboratory animal care’ and was carried out
in accordance with European Communities Council
Directive (86/609/EEC).
General procedure
Rats were divided into eight different groups (n = 12–16
for each group), in function of: (1) gender; (2) MD; and (3)
adolescent CP treatment. As described in detail in Appen-
dix S1, MD was performed on PND 9 (24 hours) and
maternal behaviour was measured for 3 days before and
after the deprivation (725 observations/mother/in total).
The adolescent treatment with the cannabinoid agonist
CP (0.4 mg/kg, ip) was performed between PND 28 and
42. At adulthood, animals were exposed on different days
to the PPI, the holeboard (5 minutes) and the EPM (5
minutes) tests. After the PPI (60 trials) and the EPM, a
blood sample was taken to evaluate the reactivity of the
HPA axis by radioimmunoassay. All the manipulations
were performed during the morning, except CP injection
that was done in the afternoon.
Statistical analysis
The ‘Statistical Program for Social Sciences’ (SPSS) soft-
ware (version 15, SPSS Inc., Chicago, IL, USA) was used.
Behavioural and physiological data during and after the
adolescent treatment was analysed by means of the
general lineal model separately for male and female rats.
Between-subject factors used were MD (two levels) and
CP (injection of the cannabinoid agonist CP-55,940, two
levels). In some cases, additional within-subjects factors
were included. Additional decompositions of the interac-
tions were done, when needed.
RESULTS
MD: maternal behaviour and body weight
From 32 dams, 6 were excluded because they did not
become pregnant and 13 because they did not give a litter
with equal or more than 4 females/4 males. Thus, the
final population came from 13 dams, and 3–4 dams were
used for each group.
With regard to maternal behaviour measured during
3 days before and after the MD (Fig. 1), the repeated-
measures analysis of variance revealed that licking–
grooming was increased by MD during PND 10 [day. F(5,
55) = 4.45, P < 0.01, MD: F(1, 11) = 7.43, P < 0.05,
day ¥ MD: F(5, 55) = 10.62, P < 0.001, differences at
PND 10: P < 0.001]. The decomposition of the interac-
tion also indicated that no differences appeared prior to
MD during PND 6, 7 or 8 and the differences vanished
at PND 11 or 12 (P = 0.574, P = 0.914, P = 0.206,
P = 0.083, P = 0.596, respectively).
As can be seen in Fig. 2, at PND 9 (prior to the MD),
groups did not differ in body weight (MD, sex, MD ¥ sex:
no significant (NS), P = 0.070, P = 0.451, P = 0.939,
respectively), but MD decreased body weight at PND 10
both in males and females [MD: F(1, 100) = 126.36,
P < 0.001; sex and MD ¥ sex: NS, P = 0.421, P = 0.823,
respectively].
Figure 1 Licking–grooming frequency received by the litters before
maternal deprivation (MD) during postnatal day (PND) 6, 7 and 8,
and after MD, during PND 10, 11 and 12, in control rats and in MD
rats Means and standard error are reported; +++P < 0.001, maternal
deprivation effect
626 Alvaro Llorente-Berzal et al.
© 2011 The Authors, Addiction Biology © 2011 Society for the Study of Addiction Addiction Biology, 16, 624–637
CP injection: motor activity and body weight
As shown in Fig. 3, the first day of injection (PND 28), CP
decreased motor activity, regardless of MD treatment, in
both males [CP: F(1, 48) = 5.59, P < 0.05; MD and
MD ¥ CP: NS, P = 0.407, P = 0.777, respectively]
and females [CP: F(1, 48) = 21.50, P < 0.001; MD and
MD ¥ CP: NS, P = 0.827, P = 0.465, respectively]. The
same effect was observed after the last day of injection
(PND 42): males [CP: F(1, 47) = 6.09, P < 0.05; MD
and MD ¥ CP: NS,P = 0.350,P = 0.415, respectively] and
females [CP: F(1, 48) = 10.00, P < 0.01; MD and
MD ¥ CP: NS, P = 0.935, P = 0.478]. Twenty-four hours
after the last injection (PND 43), no residual or with-
drawal effect of CP was observed in motor activity, neither
in males nor in females (CP, MD, MD ¥ CP: NS, P at least
> 0.302).
Body weight gain was measured from PND 26 (previ-
ous to CP injection) to PND 60 (Fig. 4). In males, the
statistical analysis showed that all the factors and
interactions were statistically significant [day: F(33,
1518) = 10703.9, P < 0.001; day ¥ MD: F(33, 1518) =
6.45, P < 0.001, day ¥ CP: F(33, 1518) = 20.19,
P < 0.001, day ¥ MD ¥ CP: F(33, 1518) = 21.94,
P < 0.001, MD: F(1, 46) = 13.79, P = 0.001, CP:
F(1, 46) = 46.75, P < 0.001, MD ¥ CP: F(1, 46) =
43.77, P < 0.001]. The decomposition of these interac-
tions globally (regardless of day) indicated that in males,
CP treatment decreased body weight gain only in non-MD
animals [F(1, 46) = 88.03, P < 0.001]. To simplify the
study of the day effect, only decompositions regarding
critical days were performed. At PND 43 (the day after the
last CP injection), the body weight gain was reduced more
strongly in non-MD rats than in MD rats (non-MD:
P < 0.001 versus MD: P = 0.05), whereas at PND 60 (at
adulthood) the body weight gain was only reduced in
non-MD rats (P < 0.001). In females, the statistical
analysis showed that all factors and interactions were
statistically significant except for MD and day ¥
MD [day: F(33, 1551) = 5158.7, P < 0.001; day ¥ CP:
F(33, 1551) = 15.63, P < 0.001, day ¥ MD ¥ CP:
F(33, 1551) = 3.87, P < 0.001, CP: F(1, 47) = 31.20,
P < 0.001, MD ¥ CP: F (1, 47) = 11.15, P < 0.01). The
decomposition of these interactions globally (regardless
Figure 2 Body weight (g) before [postnatal day (PND) 9] and after
(PND 10) maternal deprivation in males and females. Means and
standard error are reported, +++P < 0.001, maternal deprivation
effect. CoM = control males; CoF = control females; MDM =
maternal-deprived males; MDF =maternal-deprived females
Figure 3 Motor activity (distance travelled) during a 30-minutes test after injection of CP-55,940 at 0.4 mg/kg (CP). Results are shown
for the first day of injection [postnatal day (PND) 28], after 15 days of injection (PND 42) and 24 hours after the last injection (PND
43). Data are given for male and female rats, in function of the maternal deprivation [control or maternal-deprived (MD) rats] and CP
(vehicle, Vh or CP) treatments. Means and standard error are reported; *P < 0.05, **P < 0.01, ***P < 0.001, CP effect
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of day) indicated that CP treatment decreased body
weight gain only in non-MD animals [F(1, 47) = 38.24,
P < 0.001]. To simplify the study of the day effect, only
decompositions regarding critical days were performed.
At PND 43 (the day after the last CP injection), the body
weight gain was reduced more strongly in non-MD rats
than in MD rats (non-MD: P < 0.001 versus MD:
P < 0.01), whereas at PND 60 (at adulthood) the body
weight gain was only reduced in non-MD rats (P < 0.01).
PPI
Figure 5 shows that in males, neither MD nor CP affected
PPI, being prepulse intensity the only statistically signifi-
cant factor [F(2, 94) = 22.93, P < 0.001]. However, in
females, previous treatment with CP decreased PPI with
the higher intensity (80 dB) prepulse [CP: F(1, 48) =
4.05, P = 0.050, CP ¥ prepulse intensity: F(2, 92) =
3.27, P < 0.05, prepulse intensity: F(2, 92) = 21.64,
P < 0.001, CP effect at 80 dB: P < 0.01]. All other factors
and interactions were NS (P at least > 0.392). The ampli-
tude of the response to the pulse alone was corrected by
body weight, as groups still differed in this measure, but
were not affected by the treatments (data not shown). No
appreciable responses were measured when no stimulus
was presented (X = 10.42  0.26 mV).
Holeboard
Whereas in males, any treatment affected holeboard
measures (Fig. 6), in females, prior CP treatment
increased the frequency of head-dippings [CP: F(1,
47) = 19.91, P < 0.001; MD and MD ¥ CP: NS,
P = 0.301, P = 0.216, respectively] and entries into inner
zone [CP: F(1, 47) = 5.32, P < 0.05; MD and MD ¥ CP:
NS, P = 0.494, P = 0.868, respectively]. The same result
pattern was obtained in females for time spent head-
dipping and time spent in the inner zone (data not
shown). Total distance travelled (inner + outer zone) was
not statistically different (CP, MD, MD ¥ CP: NS for both,
males and females, data not shown, P at least > 0.138).
EPM
As Fig. 7 shows, in males, MD increased the percent of
time on open arms [MD: F(1, 44) = 11.91, P = 0.001, CP
and MD ¥ CP: NS, P = 0.512, P = 0.421, respectively)
and the percent of open arms entries with regard to total
entries [MD: F(1, 44) = 11.63, P = 0.001, CP and
MD ¥ CP: NS, P = 0.719, P = 0.387, respectively],
whereas closed arms entries were not affected by any
treatment (MD, CP, MD ¥ CP: NS, P at least > 0.143).
Moreover (data not shown), MD increased the raw
number of open arms entries in males [MD: F(1,
44) = 15.27, P < 0.001, CP and MD ¥ CP: NS, P = 0.240,
P = 0.869, respectively), the raw time spent on open arms
[MD: F(1, 44) = 11.63, P = 0.001, CP and MD ¥ CP: NS,
P = 0.725, P = 0.366, respectively] and decreased the
latency to the first open arm entry [MD:F(1, 44) = 12.53,
P = 0.001, CP and MD ¥ CP: NS, P = 0.401, P = 0.157,
respectively). On the contrary, in females, plus-maze mea-
sures were not affected.
Leptin
Regarding leptin levels (Fig. 8), in males, MD [F(1,
33) = 5.77, P < 0.05] and MD ¥ CP [F(1, 33) = 5.26,
P < 0.05] were statistically significant, whereas CP was
not (P = 0.137). The decomposition of the interaction
indicated that, in males, MD decreased leptin levels in
Figure 4 Body weight gain (g) between postnatal day (PND) 26 and PND 60. CP was injected between Days 28 and 42. Data are given
for male and female rats, in function of the maternal deprivation (control or MD rats) and CP (vehicle, Vh or CP) treatments. Means and
standard errors are reported; See main text for differences between groups. CoVh = control-vehicle; CoCP = control-CP; MDVh =MD-vehicle;
MDCP =MD-CP
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Figure 5 Prepulse inhibition (PPI) index (%) with three different prepulse intensities (73, 75 and 80 dB). Data are given for male and female
rats, in function of the maternal deprivation (control or MD rats) and CP (vehicle, Vh or CP) treatments. Means and standard error are
reported; **P < 0.01, CP effect
Figure 6 Number of head-dippings and entries into the inner zone of the holeboard. Data are given for male and female rats, in function
of the maternal deprivation (control or MD rats) and CP (vehicle,Vh or CP) treatments. Means and standard error are reported; *P < 0.05,
***P < 0.001, CP effect
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Veh-injected animals (P < 0.01) and that CP decreased
leptin levels only in non-MD animals (P < 0.05). On the
contrary, in females, leptin levels decreased in MD rats
regardless of CP treatment [MD: F(1, 34) = 4.19,
P < 0.05; CP and MD ¥ CP: NS, P = 0.357, P = 0.563,
respectively].
HPA axis and adrenal glands
After the PPI test (Fig. 9), in males, previous CP treat-
ment increased both adrenocorticorticotrophic hormone
(ACTH) [CP:F(1, 48) = 4.84,P < 0.05; MD and MD ¥ CP:
NS, P = 0.194, P = 0.523, respectively] and corticoster-
one [CP: F(1, 48) = 8.58, P < 0.01; MD and MD ¥ CP: NS,
P = 0.183, P = 0.379, respectively] levels, whereas in
females, no statistically significant effect was obtained
(for both ACTH and corticosterone: MD, CP, MD ¥ CP: NS,
P at least > 0.341). After the EPM, no statistically signifi-
cant differences in ACTH levels were detected between
groups (Table 1). Basal ACTH and corticosterone levels
were also not affected by the treatments (Table 1, P at
least > 0.131).
No statistically significant differences were found with
regard to absolute adrenal weight (data not shown). As
groups still differed in body weight, relative weights of the
adrenal glands were also calculated (Fig. 10). In males,
no treatment affected relative adrenal weight (MD, CP,
MD ¥ CP: NS, P at least > 0.135), but in females, MD
increased this measure, regardless of CP treatment [MD:
F(1, 47) = 4.04, P = 0.050, CP and MD ¥ CP: NS,
P = 0.280, P = 0.662, respectively].
DISCUSSION
The present results show that both, early MD and adoles-
cent exposure to the cannabinoid agonist CP 55,940 (CP)
produced diverse sex-dependent behavioural and endo-
crine modifications, though no additive effects were
observed after the combination of both treatments. More
specifically, MD male rats showed reduced anxiety-like
behaviour (or increased risk-tasking) in the EPM, with no
changes in exploration or HPA responsiveness to stress,
Figure 7 Representative measures in the elevated plus-maze. Data are given for male and female rats, in function of the maternal deprivation
(control or MD rats) and CP (vehicle,Vh or CP) treatments. Means and standard error are reported;+++P < 0.001 maternal deprivation effect
Figure 8 Leptin plasmatic levels (ng/ml). Data are given for male
and female rats, in function of the maternal deprivation (control or
MD rats) and CP (vehicle,Vh or CP) treatments. Means and standard
error are reported; *P < 0.05, CP effect and +P < 0.05, ++P < 0.01
maternal deprivation effect
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whereas no changes were observed in MD female rats. In
males, no specific behavioural effects of adolescent can-
nabinoid treatment were found, but the treatment
resulted in increased HPA responsiveness to moderate
intensity stressors. In females, adolescent cannabinoid
treatment increased exploration and reduced PPI
without altering HPA responsiveness. At adulthood, body
weight gain was reduced by prior CP injection only in
non-deprived males and females. MD decreased leptin
levels in males only in Veh-injected rats, whereas in
females MD decreased leptin levels regardless of CP
treatment.
In our hands, MD resulted in enhanced maternal
behaviour (licking–grooming frequency) after reuniting
the pups with the dam. To the best of our knowledge, this
is the first study that provides a systematic measurement
of maternal behaviour after this specific MD procedure.
The observed compensatory increase in maternal care is
in agreement with other studies using periodic maternal
separation (Macri, Mason & Wurbel 2004) and this is
critically important because it has been proposed that an
increase in maternal care may buffer or compensate the
negative consequences of long mother/pup separations
(Macri, Chiarotti & Wurbel 2008).
Figure 9 Adrenocorticotrophic hormone (ACTH, pg/ml) and corticosterone (mg/dl) plasmatic levels taken immediately after the PPI test.
Data are given for male and female rats, in function of the maternal deprivation (control or MD rats) and CP (vehicle,Vh or CP) treatments.
Means and standard error are reported; *P < 0.05, **P < 0.01, CP effect
Table 1 Effects of maternal deprivation and/or juvenile cannabinoid injection on hypothalamic-pituitary-adrenal hormones in basal
conditions or after exposure to a novel environment (EPM).
Males Females
Control MD Control MD
ACTH Basal 29  3 27  1 28  2 31  4 40  6 76  16 79  14 67  18
B Basal 1.6  0.5 1.5  0.4 2.3  0.8 1.8  0.3 2.7  0.8 5.4  1.9 4.4  1.6 7.2  2.5
ACTH EPM 60  7 65  5 70  6 70  4 157  18 200  29 200  22 170  23
ACTH levels (pg/ml) after exposure for 5 minutes to the EPM test in PND 72–75. Basal levels of ACTH (pg/ml) and corticosterone (B, mg/dl) were taken
at PND 79–82. Animals experienced MD or remained undisturbed (control) at PND 9, and then were injected during the juvenile period (from PND28
to PND42) with a cannabinoid CB1 agonist CP-55,940 (CP). No statistically significant differences between groups were found, except for gender
differences. ACTH = adrenocorticotrophic hormone; EPM = elevated plus-maze; MD = maternal deprivation; PND = postnatal day.
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In adulthood, MD male rats showed a significant
increase in the time spent in the open areas of the EPM.
The increase in exploratory behaviours on the open arms
of the EPM is classically interpreted as an anxiolytic-like
effect (Pellow & File 1986). However, it has also been
interpreted as an increase in risk-taking behaviour (i.e.
Löfgren et al. 2006; Davis et al. 2009). Other anxiety-
related indexes, such as the time spent in the inner parts
of the holeboard, were unaffected by MD. Therefore,
although critical behavioural tests are needed to discrimi-
nate between the two possibilities, we interpret the
increase in the time spent on the open arms as represen-
tative of enhanced risk-taking behaviour. Indeed, we
have previously found that adolescent males submitted to
MD were prone to impulsive-like behaviour and increased
initial reactivity to a novel environment (Marco et al.
2007); therefore, this behavioural pattern fits in well with
an increase in risk-taking behaviour in the EPM.
In contrast to previous data (Ellenbroek, van den
Kroonenberg & Cools 1998; Ellenbroek & Cools 2000,
2002; Husum et al. 2002; Ellenbroek et al. 2004), MD in
the present conditions did not disrupt PPI capability in
either sex. It has been claimed that the PPI impairment
induced by MD is strain-specific as it has been observed in
Wistar but not in Lewis or Fischer 344 rats (Ellenbroek &
Cools 2000, but see also Choy et al. 2009 and Lehmann,
Pryce & Feldon 2000 for negative results in Wistar rats).
Although the present study was performed on Wistar
rats, the existence of different vendors or substrains
might be additional factors affecting the outcomes of MD.
In our opinion, it is more likely that the deleterious effects
of MD have been somehow reverted by the extensive han-
dling involved in the daily weighing and injection of the
animals during the adolescent period. Handling during
the adolescent period has more behavioural effects than
similar handling at adulthood (i.e. Maldonado & Kirstein
2005). Moreover, the disruptive effects of isolation
rearing in adult PPI are prevented by post-weaning han-
dling procedures (Krebs-Thomson et al. 2001; Rosa et al.
2005). An additional critical factor to be considered is
that the increase in maternal care produced by MD coun-
teracted the putative negative consequences on PPI capa-
bility. As maternal behaviour has not been measured in
previous studies using this specific MD procedure, we
cannot rule out that the compensatory increase in mater-
nal behaviour depends on the cohort or substrain of rats
being tested. All these factors might also contribute to
explain why under the present conditions, we did not find
an increased HPA reactivity in MD adult rats. Although
the effects of MD on HPA function are not always consis-
tent (Lehmann & Feldon 2000), some studies with MD
at PND9 showed increased corticosterone response to
restraint at adulthood (Lehmann et al. 2002).
In accordance with previous data from our laboratory
(Llorente et al. 2007), and from other authors using the
24-hour MD procedure at PND 9 (Gruss et al 2008), the
present results showed that MD induced long lasting
decreases in body weight. Possibly related to their
decreased body weights, adult MD rats of both sexes
showed reduced plasma leptin levels. This latter result
extends our previous finding of reduced leptin levels in
13-day old rats that were exposed to the same MD proce-
dure (Viveros et al. 2009), and clearly indicates that this
endocrine modification is a persistent effect of MD.
As expected from previous studies (i.e. McGregor,
Issakidis & Prior 1996; Arévalo, de Miguel & Hernández-
Tristán 2001), CP administration decreased motor activ-
ity in males and in females. The effect was not only
detected after the first exposure to the drug but also after
15 days of injection, indicating that no strong tolerance
developed. The effect of CP did not persist after interrup-
tion of treatment and was independent of MD, suggesting
no interaction of MD with the inhibitory effects on activ-
ity produced by cannabinoids.
The decrease in PPI detected in CP-treated females at
adulthood (when the intensity of the prepulse was of
80 dB, leading to higher levels of inhibition), agrees with
previous results found in males after peripubertal
(Schneider & Koch 2003; Schneider et al. 2005; Wegener
Figure 10 Relative adrenal weight (mg adrenal/100 gr of body
weight). Data are given for male and female rats, in function of the
maternal deprivation (control or MD rats) and CP (vehicle, Vh or
CP) treatments. Means and standard error are reported; +P < 0.05
maternal deprivation effect
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& Koch 2009) exposure to the CB1 agonist
WIN55,212-2. However, under the present experimental
conditions, PPI was not impaired in CP-treated males.
Nevertheless, in relation to the effect of CP on PPI, previ-
ous electrophysiological studies have shown that acute
CP administration disrupted auditory gating in the hip-
pocampus and entorhinal cortex of anesthetized male
rats (Hajós, Hoffmann & Kocsis 2008). Whereas PPI was
impaired in females, the amplitude of the basal acoustic
startle reflex was unaffected, suggesting that no anxio-
genic or anxiolytic effects of this treatment as evaluated
by the startle response were detected in this test.
Adolescent treatment with CP did not alter male
behaviour in the holeboard at adulthood, whereas
CP-treated females rats showed increased exploratory
behaviour (head-dipping) and a decrease in anxiety-like
behaviour (increased internal ambulation), in partial
agreement with our previous results with a similar treat-
ment (Biscaia et al. 2003). However, CP administration
did not alter plus-maze behaviour, neither in males nor in
females. In previous studies (Biscaia et al. 2003), CP
exposure during the periadolescent period increased the
time spent on open arms (but not the percent of entries
into the open arms) in both males and females, although
in other reports no long-term effects on open arms behav-
iour was detected after adolescent CP (Higuera-Matas
et al. 2009) or THC (Rubino et al. 2008) administration.
Several procedural differences such as the length of the
adolescent treatment, the order of the behavioural tests
at adulthood, and/or the time interval between the
completion of the pharmacological treatment and the
behavioural testing may explain this complex scenario.
As a whole, the present data suggest that females were
more affected than males by the adolescent CP treatment
in the PPI and holeboard tests. However, males appeared
to be more affected by the cannabinoid agonist regarding
HPA axis responsiveness. Thus, CP males showed
increased ACTH and corticosterone responses to PPI test,
whereas no effect of CP was found in the HPA response of
females. In agreement with previous studies (Biscaia et al.
2003; Higuera-Matas et al. 2009), no effect of CP was
found on baseline ACTH and corticosterone levels or in
the response to a mild stressor such as the EPM, indicat-
ing that the effect of the cannabinoid agonist may appear
with stressors of higher intensity than exposure to novel
environments. Although the PPI test is not usually used
as a stressor, the present data suggest that its intensity is
slightly higher than exposure to a novel environment
(EPM), and from our previous work comparing different
types of stressors including restraint, the PPI test appears
to be of clearly lower in intensity than restraint (Armario,
Montero & Balasch 1986). On the other hand, although
the PPI was administered before the EPM, the possibility
that the order of administration should influence the HPA
response to the tests is unlikely in light of our previous
data indicating that the order of exposure to different
novel environments does not modify the initial HPA
response to the tests (Márquez, Nadal & Armario 2005).
It is then possible that cannabinoid administration
during adolescence may exert the long-lasting effects on
HPA function in a sex-dependent manner. To our knowl-
edge, there is no previous report of this subject, but
chronic CP administration to adult male rats increased
corticotrophin releasing factor mRNA levels in the
paraventricular nucleus of the hypothalamus (Corchero,
Fuentes & Manzanares 1999), a key structure in the
regulation of the HPA axis (see Armario 2006 for a
review), as measured 24-hours after the last injection. In
addition, chronic exposure of adult male rats to high
doses of the cannabinoid agonist HU-210 increased cor-
ticosterone response to restraint stress the day after the
last injection of the drug (Hill & Gorzalka 2006). This is
consistent with the fact that the endocannabinoid system
regulates neuroendocrine responses to stress (Gorzalka,
Hill & Hillard 2008). Stress also increases psychotic
symptoms, and in schizophrenic patients, an enhanced
HPA function that is reduced by antipsychotics has been
described (Walker, Mittal & Tessner 2008). Therefore, the
present data give support to the relationship between
cannabis and psychosis (Fernández-Espejo et al. 2009),
and to the idea that chronic cannabinoid administration
may represent an adequate model of cannabis—induced
psychotic symptoms.
According to our previous data (Biscaia et al. 2003),
adolescent CP administration decreased body weight gain
during the treatment period in both males and females.
Similar effects have been shown with different cannab-
inoid agonists (i.e. López-Moreno et al. 2004; Rubino
et al. 2008). An important part of reduced body weight
gain can be attributed to the typical reduction of food
intake observed after chronic cannabinoid administra-
tion (Biscaia et al. 2003). The reduction of food intake
and body weight gain after chronic cannabinoid treat-
ment may be secondary to the well-described down-
regulation of CB1 receptors observed in several brain
regions, including the hypothalamus (i.e. Romero et al.
1998; Sim-Selley 2003). An additional factor might be
the aversive state caused by the acute administration of
the drug, as assessed by conditioned place aversion pro-
cedures (McGregor et al. 1996). Although the decrease in
locomotor behaviour induced by CP administration may
also contribute, at least in part, to the decrease in food
intake and leptin levels, if such reduction was related to
lower energy expenditure this would not explain a reduc-
tion in body weight.
Body weight roughly paralleled circulating leptin
levels in males. Thus, in non-MD males, CP treatment
resulted in reduced leptin levels as measured 30–33 days
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after the termination of the treatment, whereas the
already reduced leptin levels of MD males were not
further reduced by chronic CP treatment. In females,
plasma leptin levels were reduced by MD, but not by
chronic CP treatment. It is likely that the lack of effect of
CP treatment in leptin levels in non-MD female rats is
related to the lower relative impact of CP in body weight
gain in females as compared with males (7% versus 20%).
The same may apply to the lack of additional negative
effects in leptin levels by CP in MD male rats. In this
respect, it is worth mentioning that there is evidence for
sex differences in how cannabinoids might acutely regu-
late various indices of energy homeostasis (i.e. food
intake, metabolism, core body temperature, interactions
with neural substrates known to modulate appetite) (see
for review Farhang et al. 2009) As a whole, the effects of
CP on these parameters are attributable to the well-
known role of the endocannabinoid system in the regu-
lation of food intake and energy balance (Viveros et al.
2008). Moreover, in a recent study, we showed the pres-
ence of an active endogenous cannabinoid system
regulating energy expenditure and metabolism during
adolescence (Lamota et al. 2008).
In summary, the present results indicate that early
stressful experiences during infancy (i.e. parental
neglect) and/or adolescence cannabis use may have
long-lasting effects on cognitive and emotional behav-
iours. In males, MD seemed to reduce anxiety or
enhance risk-taking behaviours whereas adolescent
exposure to cannabinoids had no major behavioural
effects but did increase HPA responsiveness to interme-
diate intensity stressors. In females, MD showed no
effects, but adolescent cannabinoid exposure may
promote novelty-seeking behaviours at adulthood and
decrease attentional capabilities. Novelty-seeking and
risk-taking personality traits may increase the probabil-
ity to self-administer diverse drugs of abuse (i.e. Wills,
Vaccaro & McNamara 1994; Sher, Bartholow & Wood
2000). Collectively, these effects would suggest that MD
and adolescent cannabinoid treatment could increase
vulnerability to develop certain psychiatric disorders
such as psychosis and substance abuse.
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EXPOSURE IMPACT HIPPOCAMPAL ASTROCYTES, CB1 RECEPTORS
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Abstract—We have recently reported that early maternal de-
privation (MD) for 24 h [postnatal day (PND) 9–10] and/or an
adolescent chronic treatment with the cannabinoid agonist
CP-55,940 (CP) [0.4 mg/kg, PND 28–42] in Wistar rats in-
duced, in adulthood, diverse sex-dependent long-term be-
havioral and physiological modifications. Here we show the
results obtained from investigating the immunohistochemi-
cal analysis of CB1 cannabinoid receptors, glial fibrillary
acidic protein (GFAP) positive () cells and brain-derived
neurotrophic factor (BDNF) expression in the hippocampus
of the same animals. MD induced, in males, a significant
increase in the number of GFAP cells in CA1 and CA3 areas
and in the polymorphic layer of the dentate gyrus (DG), an
effect that was attenuated by CP in the two latter regions.
Adolescent cannabinoid exposure induced, in control non-
deprived males, a significant increase in the number of
GFAP cells in the polymorphic layer of the DG. MD induced
a decrease in CB1 expression in both sexes, and this effect
was reversed in males by the cannabinoid treatment. In turn,
the drug “per se” induced, in males, a general decrease in
CB1 immunoreactivity, and the opposite effect was ob-
served in females. Cannabinoid exposure tended to reduce
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Abbreviations: ANOVA, analysis of variance; Co, control non deprived
animals; CP, CP-55,940; BDNF, brain-derived neurotrophic factor;
DG, dentate gyrus; ECS, endocannabinoid system; GFAP, glial fibril-
lary acidic protein; HPA, hypothalamic–pituitary–adrenal; IB, immuno-
histochemistry buffer; MD, maternal deprivation; ml–gcl, molecular
layer together with the granular cell layer; PND, postnatal day; SL–M,
stratum lacunosum together with moleculare; SO, stratum oriens; SR–
SP, stratum pyramidale together with radiatum; Vh, vehicle; 2-AG,
2-arachidonylglycerol.
0306-4522/12 $36.00 © 2011 IBRO. Published by Elsevier Ltd. All rights reserved.
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90BDNF expression in CA1 and CA3 of females, whereas MD
counteracted this trend and induced an increase of BDNF
in females. As a whole, the present results show sex-
dependent long-term effects of both MD and juvenile can-
nabinoid exposure as well as functional interactions be-
tween the two treatments.
This article is part of a Special Issue entitled: Stress, Emo-
tional Behavior and the Endocannabinoid System. © 2011
IBRO. Published by Elsevier Ltd. All rights reserved.
Key words: maternal deprivation, adolescent cannabinoid
exposure, CB1 cannabinoid receptor, GFAP, BDNF, sex dif-
ferences.
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Traumatic experiences during early developmental periods
might be associated with psychopathology (such as de-
pression or schizophrenia) and altered neuroendocrine
function later in life (Levine, 2005; Moffett et al., 2007;
Tyrka et al., 2008). Several experimental models attempt
to mimic diverse types of early-life stress. Notably, rats
submitted to a single 24-h episode of maternal deprivation
(MD) at postnatal day (PND) 9 exhibit, as adults, behav-
ioral abnormalities resembling psychotic-like symptoms,
including disturbances in pre-pulse inhibition, latent inhibi-
tion, auditory sensory gating and startle habituation. Pos-
sible underlying neurochemical correlates in adult MD an-
imals include reduced hippocampal levels of neuropeptide
Y (NPY), calcitonin-gene-related peptide, polysialylated
neural cell adhesion molecule and brain-derived neu-
rotrophic factor (BDNF) and a decrease in NMDA receptor
M. López-Gallardo et al. / Neuroscience 204 (2012) 90–103 91subunits NR-2A and NR-2B (see for review (Ellenbroek
and Riva, 2003; Ellenbroek et al., 2004)). In addition, ad-
olescent MD rats showed depressive-like behaviors and
altered responses to a cannabinoid agonist (Llorente et al.,
2007), as well as a trend towards increased impulsivity
(Marco et al., 2007). We have also shown that MD induced
neuronal degeneration and increased number of glial fibril-
lary acidic protein (GFAP) cells in the hippocampus and
cerebellar cortex of neonatal rats. Interestingly, these ef-
fects were often more marked in males. MD also produced
an enduring decrease in leptin and an increase in cortico-
sterone for both sexes (López-Gallardo et al., 2008;
Llorente et al., 2008, 2009; Viveros et al., 2009). These
alterations support our hypothesis that the neonatal stress
accompanying MD may be a useful model to examine
behavioral symptoms with a neurodevelopmental etiology.
The CB1 cannabinoid receptor is a key component of
the endocannabinoid system (ECS). The ECS consists of
endogenous ligands called endocannabinoids, typically
anandamide (AEA) and 2-arachidonylglycerol (2-AG),
which activate cannabinoid receptors (primarily CB1 and
CB2 receptors, respectively). The CB1 receptor is the
predominant cannabinoid receptor within the central ner-
vous system, and is highly expressed in brain regions
involved in emotional processing, motivation, motor acti-
vation and cognitive function (Mackie, 2005). Among the
multiple functions of the endocannabinoid system (Viveros
et al., 2005, 2007; Wotjak, 2005; Cota, 2008; Moreira and
Lutz, 2008; Bermudez-Silva et al., 2010) it also plays a role
in neural development (Keimpema et al., 2011).
Previously we found that neonatal MD animals had
increased levels of 2-AG and decreased CB1 immunore-
activity in the hippocampus, with these alterations being
more marked in males (Llorente et al., 2008; Suárez et al.,
2009). Concordant with increased 2-AG levels, we recently
found that MD also significantly decreased hippocampal
monoacylglycerol lipase, the major 2-AG degrading enzyme,
as reflected by RT-PCR and immunohistochemistry. This
decrease, again, was more marked in males than in females
(Suárez et al., 2010). Moreover, two inhibitors of endocan-
nabinoid inactivation modulated the above-indicated cellular
effects induced by MD stress (Llorente et al., 2007). As a
whole, these data support a clear association between neu-
rodevelopmental MD stress and dysregulation of the ECS.
Adolescence represents a critical phase in develop-
ment during which the nervous system shows a unique
plasticity. During this period, maturation and rearrange-
ment of major neurotransmitter pathways are still taking
place (Spear, 2000; Romeo, 2003; Laviola and Marco,
2011) including the endocannabinoid system (Rodríguez
de Fonseca et al., 1993; Viveros et al., 2011a, b). The ages
associated with adolescence are commonly considered to
be approximately between 12 and 20–25 years in humans
and around PND 28–42 in rodents (Spear, 2000; Adriani
and Laviola, 2004). The early adolescent period has been
identified as a phase of development particularly vulnera-
ble to some of the adverse effects of exposure to canna-
binoid compounds. Notably, in predisposed people, early
exposure to cannabis increases the risk of developingschizophrenia and may exacerbate symptoms in psychotic
patients (Di Forti et al., 2007; Leweke and Koethe, 2008;
Fernandez-Espejo et al., 2009; Sewell et al., 2009). In
addition, both human and animal studies indicate that can-
nabis use during adolescence, perhaps in a sex-depen-
dent fashion, may produce additional negative effects such
as cognitive impairment, depressive symptoms and in-
creased risk of further developing substance-abuse disor-
ders (Sundram, 2006; Rubino et al., 2008; Schneider,
2008; Fernandez-Espejo et al., 2009; Wegener and Koch,
2009; Viveros et al., 2011a, b).
Despite neonatal MD and adolescent cannabinoid ex-
posure having been demonstrated to induce important
long-lasting behavioral and neuroendocrine effects, the
combination of the two treatments has been scarcely in-
vestigated (Macrì and Laviola, 2004; Llorente-Berzal et al.,
2011). In our recent study on this topic (Llorente-Berzal et
al., 2011), the psychophysiological effects of MD and/or
adolescent exposure to CP-55,940 (CP) were studied at
adulthood. MD induced a compensatory increase in ma-
ternal behavior after reunion with the dam and, in the
long-term, we observed, in males, an increase of open-arm
exploration in an elevated plus-maze that could be related
to risk-taking behavior. Adolescent exposure to cannabi-
noids exerted more pronounced long-lasting behavioural
effects that were evident only in females. The main behav-
ioral alterations consisted in an increased exploration in
novel environments (holeboard), which suggests an in-
crease in novelty-seeking and in a decreased prepulse
inhibition of the acoustic startle reflex, suggestive of an
impairment in sensoriomotor gating (attentional pro-
cesses) that could increase vulnerability to psychiatric dis-
orders such as drug addiction and schizophrenia. The
reactivity of the hypothalamic–pituitary–adrenal (HPA) axis
to an intermediate stressor was also studied and results
indicated that in males the adolescent treatment with the
cannabinoid increased HPA axis response. Thus, overall
data supported the view that early MD and adolescent
cannabinoid exposure exerted distinct sex-dependent
long-term behavioural and physiological modifications that
could predispose to the development of certain neurobe-
havioral disorders.
In the present study we have analyzed hippocampal
CB1 cannabinoid receptors and GFAP positive () cells in
the rats used in our recent paper (Llorente-Berzal et al.,
2011). Our interest in these parameters and in this specific
brain area was based on the following premises: the high
density of hippocampal CB1 receptors (Herkenham et al.,
1990), intrahippocampal cannabinoids impairs memory
(Lichtman et al., 1995), and cannabinoids desynchronize
hippocampal neuronal assemblies, possibly accounting for
cannabinoid-induced memory impairment (Robbe et al.,
2006). Moreover, morphological changes in the hippocam-
pus have been observed following chronic administration
of cannabinoids (Lawston et al., 2000; Tagliaferro et al.,
2006). We had previously shown that MD induced rapid
changes in the number of GFAP cells as well as in CB1
receptors in the hippocampus of neonatal rats (PND 13),
and here we aimed to investigate whether these changes
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chronic treatment with the cannabinoid agonist CP-55,940,
at a dose of 0.4 mg/kg/d (PND 28–43), produced long-
term, sex-dependent harmful effects on memory and
changes in brain CB1 receptors (Mateos et al., 2010). So,
another objective of this study was to investigate possible
unctional interactions between MD and adolescent cannabi-
oid exposure on these parameters. We also addressed the
ffects of neonatal MD and the adolescent CP treatment on
he expression of BDNF, a molecule known to regulate cell
urvival and differentiation. Finally, on the basis of our previ-
us findings indicating sex-dependent effects of each treat-
ent (MD and adolescent cannabinoid exposure) separately,
e expected that the sex of the animals would have an
mportant influence when both treatments were combined.
EXPERIMENTAL PROCEDURE
Animals
Wistar rats obtained from Harlan Interfauna Ibérica (Barcelona,
Spain) were used. Females arrived when they were about 7
weeks old and males when they were about 9 weeks old. They
were housed in the General Vivarium of the Universitat Autònoma
de Barcelona, initially separated by sex in groups of two to three
and housed in polypropylene opaque wire-topped cages with solid
bottom (21.546.514.5 cm3; Type “1000 cm2,” Panlab SLU,
Barcelona, Spain) containing sawdust bedding (Ultrasorb, Panlab,
SLU) and fed with Diet “A04” (Safe-Panlab SLU). Rats were
always maintained at standard temperature conditions (21 °C2)
and on a 12–12 h light–dark schedule (lights on at 8:00 AM). The
experimental protocol was approved by the Committee of Ethics of
the Universitat Autònoma de Barcelona, followed the “Principles of
laboratory animal care” and was carried out in accordance with
European Communities Council Directive (86/609/EEC).
Subjects and experimental groups
Maternal deprivation was performed on PND 9 for 24 hours as
previously described (Llorente et al., 2007). In brief, mothers were
removed early in the morning (beginning at 9:00 h, i.e., 1 h after
the beginning of the light phase) and pups were weighed and
remained undisturbed in their home cages (in the same room as
their mothers) for 24 h. On PND 10 mothers were returned to their
corresponding cages. Mothers from the control groups were
briefly removed from their home cages while the pups were
weighed. The adolescent treatment with the cannabinoid agonist
CP 55,940 (0.4 mg/kg/d) i.p. or its corresponding vehicle (ethanol:
cremophor:saline 1:1:18; Cremophor® EL Fluka, Sigma-Aldrich,
Madrid, Spain) was performed between PND 28 and 42. The
time-interval and length of the treatment and the dose of CP used
were chosen on the basis of the above mentioned data from Spear
(2000); Rodríguez de Fonseca et al. (1993); Adriani and Laviola
(2004) and from previously published data from our laboratory
(Biscaia et al., 2003, 2008; Mateos et al., 2010) and others
(Higuera-Matas et al., 2008, 2009).
Maternal behavior was assessed for 3 days before and after
the maternal deprivation. At adulthood, a battery of behavioral
tests was performed consisting of the prepulse inhibition of the
startle response (PPI), the holeboard and the elevated plus maze
(EPM) tests. After the PPI and the EPM, a blood sample was
taken to evaluate the reactivity of the HPA axis. Methodological
details and results obtained in this first part of the study are
thoroughly explained in Llorente-Berzal et al. (2011).
In the present work, we show the results obtained in the
neuroimmunohistochemical study described below, which wascarried out on the hippocampi of the animals used for the behav-
ioral analysis. On the basis of maternal manipulation [MD or non
MD (Co (Control non deprived animals))] and the adolescent
treatment [pharmacological treatment with the cannabinoid ago-
nist CP or Vehicle (Vh)], the following experimental groups were
formed for each sex: Co-Vh, Co-CP, MD-Vh and MD-CP. In total,
we had eight experimental groups with six animals per group.
Tissue collection
Rats were anesthetized with isofluorane at PND 80, and perfused
with saline solution (4 °C) for 2 min followed by paraformaldehyde
4% (Merck) and sodium borate 3.8% (4 °C) for 12 min. Then
brains were removed and post-fixed overnight at 4 °C. After that,
brains were changed to a cryoprotectant solution (0.2 M NaCl, 43
mM potassium phosphate (KPBS) containing 30% sucrose,
pH7.2) for 48 h at 4 °C. Then, brains were frozen on dry ice and
stored at 80 °C. From every brain, four series of 20 m sections
rom bregma 4.00 to 11.00 mm (Paxinos and Watson, 2007)
ere obtained using a cryostat (Leica), and stored at20 °C in an
nti-freeze solution (30% ethyleneglycol, 20% glycerol in 0.25 mM
hosphate buffer at pH 7.3).
Immunohistochemistry
Immunohistochemical analyses were performed in medial hip-
pocampus, on free-floating sections under moderate shaking. All
washes and incubations were done in 0.1 M PB pH 7.4, containing
0.3% bovine serum albumin and 0.3% triton X-100, which consti-
tuted the immunohistochemistry buffer (IB). Endogenous peroxi-
dase was blocked for 10 min at room temperature in a solution of
3% hydrogen peroxide in 50% methanol. After several washes in
IB, sections were incubated overnight at 4 °C with the primary
antibody and then rinsed in IB and incubated for 2 h at room
temperature with the secondary antibody.
We evaluated the astroglial reaction by studying changes in
the GFAP, the main intermediate filament of astrocytes, as the
most adequate marker for the present immunochemical analysis.
It defines the astrocytic morphology and it is possible to evaluate
the astroglial reaction by studying changes in GFAP expression
(Tagliaferro et al., 1997). We used a monoclonal antibody for
GFAP as primary antibody [Rabbit anti-GFAP Ig G, 1:1000 dilution
(SIGMA, Madrid, Spain, Ref: G9269)] and a biotinylated donkey
anti-rabbit Ig G as secondary antibody, 1:300 dilution [Healthcare,
Madrid, Spain, Ref: RPN, 1004].
For CB1 cannabinoid receptor analysis, a polyclonal antibody
for CB1 was used as primary antibody, 1:500 dilution [provided by
Dr. Ken Mackie] and a biotinylated goat anti-rabbit IgG as sec-
ondary antibody, 1:300 dilution [Pierce, Rockford, USA, Ref:
31820].
In order to evaluate BDNF expression, a polyclonal antibody
for BDNF was used as primary antibody, 1:200 dilution [Rabbit
polyclonal IgG anti BDNF (Santa Cruz Biotechnology, CA, USA,
Ref: sc-546)] and a biotinylated donkey anti-rabbit IgG as second-
ary antibody, 1:300 dilution (GE Healthcare, Madrid, Spain, Ref:
RPN 1004V).
After incubations with the specific antibodies, sections were
washed several times in IB and then were incubated for 90 min at
room temperature with avidin-biotin peroxidase complex (Immu-
noPure ABC peroxidase staining kit, Pierce. Rockford, IL, USA,
1:250 dilution). The reaction product was revealed by incubating
the sections with 2 g/ml 3, 3=-diaminobenzidine (Sigma-Aldrich,
Madrid, Spain) and 0.01% hydrogen peroxide in 0.1 M PB. Then,
sections were dehydrated, mounted on gelatinized slides and
coverslipped with mounting medium dibutyl phthalate in xylene
(DEPEX, Serva, Heidelberg, Germany).
To check the specificity of the immunoreaction, we included
control preparations (omitting the primary antibody) in each im-
munostaining batch. Immunostaining batches containing all the
female.
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males and females separately. Two different batches were run for
each primary antibody and for each animal.
Slides immunostained for GFAP, CB1 or for BDNF were
observed in a Zeiss Axioplan Microscope (Germany). The micro-
scope had attached a camera (ZEISS Axiocam), through which
the images were captured to be processed using Axiovision 40 V
4.1 (Carl. Zeiss vision GMBH). Panel illustrations were made by
mounting the selected images with Adobe Photoshop 8.0, with
adjustments of contrast and brightness for faithful reproduction of
colors seen in the prints.
Quantitative evaluation of GFAP positive () cells
The number of GFAP cells was estimated by the optical disector
method (Reed and Howard, 1998) using total section thickness for
disector height (Hatton and von Bartheld, 1999), and a counting
frame size of 0.215 mm of width and 0.26 mm of length. A total
number of 20 counting frames were assessed for each animal and
each zone analyzed. Section thickness was measured using a
digital length gauge device (Heidenhain-Metro MT 12/ND221;
Traunreut, Germany) attached to the stage of a Leitz Laborlux 8
microscope. All counts were performed on coded sections.
Quantification of GFAP cells was made with the 20 objec-
tive. Four tissue sections per animal were analyzed. On each
tissue section we focused on CA1 and CA3 areas of Ammon’s
horn and on the dentate gyrus (DG). In each of these zones cell
nuclei from immunoreactive cells that came into focus, while fo-
cusing down through the dissector height, were counted. Data
were expressed as number of GFAP cells per mm3.
Quantitative evaluation of CB1 and BDNF density
Quantification of CB1 and BDNF immunostaining was carried out
on high-resolution digital microphotographs that were taken with
the 10 objective and under the same conditions of light and
brightness/contrast, by measuring densitometry of the selected
areas using the analysis software ImageJ 1.383 (NIH, USA).
Four tissue sections per animal were analyzed. On each
tissue section we focused on CA1 and CA3 areas of Ammon’s
horn and on the DG. For both CA subfields, we carried out
separate densitometrical analysis as follows. For CB1 cannabi-
noid receptor, we analyzed separately (1) stratum oriens (SO), (2)
stratum pyramidale together with radiatum (SR–SP), and (3) stra-
tum lacunosum together with moleculare (SL–M). For DG, we
carried out separate densitometrical analysis corresponding to (1)
Fig. 1. Effects of maternal deprivation (MD) and/or adolescent expos
cells of adult male and female rats. Quantification of the number of GF
the Ammon’s Horn and in the polymorphic layer of the Dentate Gyrus
group. MD, maternal deprivation; Co, control non MD animals; Vh, vehi
# vs. CoCP male; & vs. MDVh male; $ vs. CoVh female;  vs. MDVhthe molecular layer (ml) together with the granular cell layer (gcl)and (2) the polymorphic cell layer. The densitometrical analysis
corresponding to BDNF was carried out in stratum radiatum (SR)
for CA1 and CA3 areas and for DG in the polymorphic cell layer.
All data were expressed in arbitrary units.
Statistical analysis
Data were analyzed using a three-way analysis of variance
(ANOVA), with factors being sex, neonatal manipulation and phar-
macological treatment. The criterion of normally distributed data
were not always met in some populations of this study, so in order
to satisfy the assumption of normality for the ANOVA, data were
transformed when necessary by the Neperian logarithm function.
When appropriate, three-way ANOVAs were followed by separate
two-way ANOVA split by one of the independent factors to further
clarify the results. Post hoc comparisons were performed with a
level of significance set at P0.05. For data that were normal and
homoscedastic, standard parametric post hoc tests were used
(Tukey’s test) and for those that were normal but non-homosce-
dastic, non-parametric post hoc comparisons were performed
(Games-Howell’s test). Statistical analyses were carried out with
the SPSS 19.0 software package (SPSS Inc., Chicago, IL, USA).
RESULTS
So that the presentation of the high number of statistical
data obtained is compatible with the comprehension of the
“home take message”, we have organized the result sec-
tion as follows. For each parameter measured, we first
indicate the statistical results and then a summary para-
graph highlighting the main results. To avoid an excessive
length of the text we have sometimes used abbreviations.
It would be useful to the reader to recall here some of
them: MD, maternal deprivation; CP, CP55940; Co, Con-
trol non deprived animals; Vh, vehicle.
Number of GFAP positive cells
Quantitative results from GFAP immunohistochemistry are
represented in Fig. 1. Fig. 2 shows representative micro-
photographs for the different experimental groups.
In CA1, the three-way ANOVA rendered a significant
sexMD interaction [F(1,49)  12.72, P0.05] as well as
cannabinoid agonist CP 55,940 on hippocampal GFAP positive ()
ive cells (GFAP/mm3) was carried out in the CA1 and CA3 areas of
istograms represent the meanSEM of six animals per experimental
ext); CP, CP 55,940. Significant differences, P0.05: * vs. CoVh male;ure to the
AP posit
(DG). H
cle (see tsignificant effects of sex [F(1,49)  8.27, P0.05] and MD
M. López-Gallardo et al. / Neuroscience 204 (2012) 90–10394[F(1,49)  22.70, P0.05]. Subsequent two-way ANOVA
split by sex revealed a significant effect of the MD among
Fig. 2. Representative microphotographs of hippocampal GFAP g
cannabinoid agonist CP 55,940 (CP) in CA1, CA3 and Dentate Gyrus
Co: control non MD animals; Vh: vehicle (see text); CP, CP 55,940; SO
layer.males [F(1,25)  37.34, P0.05] but it did not show anyeffect in females. Post hoc comparisons showed a signif-
icant increase of GFAP cells in maternally deprived
after maternal deprivation (MD) and adolescent treatment with the
dult male and female rats. Scale bar 5 m. MD, maternal deprivation;
oriens; SP, stratum pyramidale; SR, stratum radiatum; pl, polymorphiclial cells
(DG) of a
, stratummales when compared with their control counterparts.
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M. López-Gallardo et al. / Neuroscience 204 (2012) 90–103 95The three-way ANOVA of the number of GFAP cells
uantified in CA3 rendered significant effects of the triple
nteraction sexMDpharmacological treatment [F(1,49) 
4.29, P0.05] and of two double interactions, that is,
exMD [F(1,49)  5.98, P0.05] and sexpharmacological
reatment [F(1,49)  6.75, P0.05] as well as significant
ffects of sex [F(1,49) 4.88, P0.05] and MD [F(1,49)
9.19, P0.05]. Subsequent two-way ANOVA split by sex
evealed a significant interaction MDpharmacological
reatment in males [F(1,25)  15.36, P0.05] as well as a
ignificant effect of MD [F(1,25)  21.88, P0.05]. Post
oc comparisons revealed a significant increase in the
umber of GFAP cells in MD animals that was reversed
y the cannabinoid agonist treatment. In females the two-
ay ANOVA indicated a significant effect of the pharma-
ological treatment [F(1,24)  6.65, P0.05]; MD females
reated with CP showed an increase in the number of cells
FAP compared with the MDVh female group; while a
ecrease in the number of cells GFAP was observed in
DCP males when compared with MDVh males.
In the DG, the three-way ANOVA revealed the following
ignificant interactions: sexMDpharmacological treat-
ent [F(1,49)  23.88, P0.05], sexMD [F(1,49)  5.01,
0.05] and MDpharmacological treatment [F(1,49) 
.24, P0.05]. Two-way ANOVA test split by sex revealed a
ignificant interaction between MD and the pharmacological
reatment, [F(1,25)  47.99, P0.05] and a significant effect
f MD [F(1,25)  14.14, P0.05] in males, whereas no
ignificant effects were found in females. Post hoc analyses
howed a sexual dimorphism among control animals with
emales showing a significant higher number of GFAP cells
han males. In addition, a significant increase in the number
f GFAP cells due to MD and/or adolescent treatment with
he CB1 agonist in males was also revealed and this effect
as reversed by CP treatment in maternally deprived males.
To sum up, the number of GFAP cells in all experi-
ental groups is higher in the polymorphic cell layer of DG
han in CA1 and CA3 areas. Control females exhibited
igher basal levels of GFAP cells when compared with
ontrol males in the polymorphic cell layer of DG. In turn,
dolescent treatment with CP induced an increase in the
umber of GFAP cells particularly in the polymorphic cell
ayer of males DG, whereas no significant effect of CP was
ound in females. In males, MD induced a significant in-
rease in the number of GFAP cells in all the areas
nalyzed, which was reversed by the CP treatment in CA3
nd polymorphic cell layer of DG but not in CA1. However,
n females MD per se did not induce any modification in the
umber of GFAP cells.
B1 receptor
esults corresponding to the quantification of the CB1
eceptor immunoreactivity are shown in Fig. 3.
We focused on CA1 and CA3 areas of Ammon’s horn
nd on the DG. For both CA subfields, we analyzed sepa-
ately (1) SO, (2) SR–SP and (3) SL–M. For DG, we carried
ut separate densitometrical analysis corresponding to (1)
he ml together with the gcl and (2) the polymorphic cell layer.
e have undertaken a detailed analysis of these separate rreas and strata in light of previous results of our group
Suárez et al., 2009). These results provided an original
escription of CB1 distribution within the hippocampus of
3-day-old rats that was in agreement with previous descrip-
ions in adult animals (Egertová and Elphick, 2000). Thus, it
eems that at PND 13 the CB1 receptor is already in its final
istribution, and for this reason we decided to carry out the
ame design of analysis in the present study. In SO of CA1
he three-way ANOVA revealed the following significant in-
eractions: sexMDpharmacological treatment [F(1,40) 
8.06, P0.05], sexMD [F(1,40)  10.68, P0.05],
expharmacological treatment [F(1,40)  28.28, P0.05]
nd MDpharmacological treatment [F(1,40)  27.51,
0.05] as well as a significant effect of the pharmacological
reatment [F(1,40)  6.82, P0.05]. In males the two-way
NOVA revealed a significant MDpharmacological treat-
ent interaction [F(1,20)  44.86, P0.05]. In females, the
wo-way ANOVA rendered significant effects of neonatal MD
F(1,20)  13.56, P0.05] and of the pharmacological treat-
ent [F(1,20) 31.60, P0.05]. In males, post hoc analyses
howed a decrease in the CB1 immunoreactivity due to each
reatment (MD and adolescent CP administration) consid-
red separately. However, in the animals receiving both treat-
ents CB1 receptor expression was not significantly different
rom control rats. In females, the cannabinoid treatment in-
reased the expression of CB1 receptor in non-maternally
eprived animals; MD, per se, induced the opposite effect
nd animals receiving both treatments showed values that
ere similar to those corresponding to the pure controls, that
s, control vehicle animals. In the SR–SP of CA1 area, the
hree-way ANOVA revealed the following significant interac-
ions: sexMDpharmacological treatment [F(1,40)  10.19,
0.05], sexpharmacological treatment [F(1,40)  5.45,
0.05] and MDpharmacological treatment [F(1,40) 
.15, P0.05]. Subsequent two-way ANOVA split by sex re-
ealed a significant MDpharmacological treatment interaction
F(1,20)12.49,P0.05] inmalesandasignificant effect of the
harmacological treatment [F(1,20) 4.88,P0.05] in females.
ost hoc comparisons showed that CP induced a significant
ecrease in CB1 receptor density, whereas this effect appeared
o be reversed in males receiving both treatments. In SL–SM of
A1 area, the three-way ANOVA revealed the following signif-
cant interactions: sexMDpharmacological treatment
F(1,40) 30.21,P0.05], sexMD [F(1,40) 15.88,P0.05]
nd MDpharmacological treatment [F(1,40)  15.13,
0.05] as well as a significant effect of MD [F(1,40) 
0.88, P0.05]. Two-way ANOVA split by sex rendered a
ignificant MDpharmacological treatment interaction
F(1,20) 38.20, P0.05] in males, and a significant effect
f MD [F(1,20)  31.33, P0.05] in females. Post hoc
omparisons revealed that, in males, both MD and the
annabinoid treatment when considered separately, signif-
cant decreased CB1 immunoreactivity, whereas animals
eceiving both treatments were not different from controls.
n the other hand, females receiving both treatments
howed a significant reduction of CB1 immunoreactivity.
In CA3, we separately studied SO and the SR–SP. In
oth cases, the three-way ANOVA rendered similar results,
evealing significant effects of the triple interaction
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M. López-Gallardo et al. / Neuroscience 204 (2012) 90–10396sexMDpharmacological treatment [SO, F(1,40)  5.48,
P0.05; SR–SP, F(1,40)  7.44, P0.05], the double inter-
ction sexMD [SO, F(1,40)  14.46, P0.05; SR–SP,
(1,40)  6.13, P0.05] and of sex [SO, F(1,40)  7.92,
0.05; SR–SP, F(1,40) 7.05,P0.05]. Two-way ANOVA
nalysis split by sex rendered similar effects in both cases
SO and SR–SP). In males significant effects of the double
nteraction MDpharmacological treatment was found [SO,
(1,20)  7.70, P0.05; SR–SP, F(1,20)  12.10, P0.05].
n females, in SO area the two-way ANOVA revealed a
ignificant effect of the pharmacological treatment [F(1,20)
3.73,P0.05] while in SR–SP it rendered a significant effect
f MD [F(1,20)  5.85, P0.05]. In males, post hoc compar-
sons showed an increase in CB1 immunoreactivity in SO
nd SR–SP of CA3 in MDCP group when compared with
DVh. In females, a decrease of CB1 immunoreactivity in
O area was found in MDCP when compared with the CoCP
Fig. 3. Effects of maternal deprivation (MD) and/or adolescent expos
receptors expression of adult male and female rats. Quantification o
Ammon’s Horn and in the Dentate Gyrus (DG). Histograms repres
deprivation; Co, control non MD animals; Vh, vehicle (see text); CP, CP
c, significant overall effect of chronic CP treatment. Significant differenc
emale; Ø vs. CoCP female;  vs. MDVh female.roup. The post hoc tests also revealed that, in both strata, iDVh and MDCP males showed higher levels of CB1 im-
unoreactivity than the corresponding female counterparts.
For the DG area, we carried out separate densitometrical
nalysis corresponding to (1) the molecular layer together with
he granular cell layer (ml–gcl) and (2) the polymorphic cell
ayer. In both cases, the three-way ANOVA revealed significant
ffects of the triple interaction sexMDpharmacological treat-
ent [ml–gcl, F(1,40)  5.82, P0.05; polymorphic layer,
(1,40)  24.77, P0.05]; the double interaction
Dpharmacological treatment [ml–gcl, F(1,40)  6.55,
0.05; polymorphic layer, F(1,40)  21.69, P0.05].
esides, in ml–gcl, the three-way ANOVA also rendered a
ignificant effect for the double interaction sexMD
F(1,40)  5.82, P0.05], MD [F(1,40)  5.07, P0.05]
nd pharmacological treatment [F(1,40)  4.51, P0.05].
ubsequent two-way ANOVA within males showed that
he interaction MDpharmacological treatment was signif-
e cannabinoid agonist CP 55,940 on hippocampal CB1 cannabinoid
ceptor immunoreactivity was carried out in CA1, and CA3 areas of
meanSEM of six animals per experimental group. MD, maternal
ANOVA (P0.05); b, significant overall effect of maternal deprivation;
.05: * vs. CoVh male; # vs. CoCP male; & vs. MDVh male; $ vs. CoVhure to th
f CB1 re
ent the
55,940.cant in both, ml–gcl [F(1,20)  11.74, P0.05] and poly-
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M. López-Gallardo et al. / Neuroscience 204 (2012) 90–103 97morphic layer [F(1,20)  50.97, P0.05]. The correspond-
ing two-way ANOVA in females revealed significant effects
of MD [(F(1,20)  11.48, P0.05] and pharmacological
treatment [F(1,20)  5.87, P0.05] in ml–gcl, whereas in
polymorphic layer only a trend for MD was found (P 
0.085). Post hoc comparisons revealed a sexual dimor-
phism among control groups, with females showing lower
levels of CB1 immunoreactivity in the polymorphic layer
than their male counterpart. Separately, both MD and ad-
olescent cannabinoid exposure decreased CB1 immuno-
reactivity in the polymorphic layer in males, whereas males
receiving both treatments showed a “normalized” CB1 re-
ceptor density. In Co-CP females a slight increase in CB1
receptor expression was found, whereas MD tended to
decrease CB1 expression in both areas of the DG. Again,
the combination of both treatments tended to normalize
CB1 staining. In short, the above analyses reveal the
following main results. In general, control females exhib-
ited lower basal levels of CB1 receptor when compared
with control males. In males, adolescent CP treatment
induced a decrease in CB1 receptor density, whereas in
females the opposite effect was found. The MD proce-
dure induced a decrease in CB1 immunoreactivity in
both sexes. Treatment with the cannabinoid agonist re-
versed the effects induce by MD in males, but not in
females.
Fig. 4 shows representative microphotographs of CB1
immunoreactivity from CA1, CA3 and DG of all the exper-
imental groups. CB1 immunoreactivity in the CA1 and CA3
areas was associated with fibers in the stratum radiatum
and in the stratum pyramidale. A fine meshwork of stained
fibers was evident in the stratum oriens of CA1 and CA3.
The CB1 immunoreactivity was associated in DG with a
network of fibers in the granular cell layer, molecular layer
and in the polymorphic layer. We observed that the stain-
ing was more intense in CA3 than in CA1 and DG.
BDNF
The changes in the intensity of BDNF immunohistochem-
istry staining were mainly observed in the stratum radiatum
of CA1 and CA3 areas and in the polymorphic layer of the
DG (microphotographs not shown), for that reason we
analyzed the neuropil of these strata by a densitometric
study. Results corresponding to the quantification of BDNF
immunoreactivity are shown in Fig. 5.
In CA1 the three-way ANOVA rendered a significant
effect of the triple interaction sexMDpharmacological
treatment [F(1,46)  6.14, P0.05]. Two-way ANOVA
within females revealed a significant increase in BDNF
expression in maternally deprived animals when compared
with control groups [F(1,22)  6.14, P0.05], while in
males no significant effects were found.
In CA3 the three-way ANOVA revealed a significant
effect of the double interaction sexMD [F(1,46)  5.58,
P0.05]. Subsequent two-way ANOVA split by sex ren-
dered significant effects of the double interaction
MDpharmacological treatment [F(1,22)  5.68, P0.05]
and MD [F(1,22) 11.34, P0.05] in females, whereas no
significant effects were found in males.In DG the three-way ANOVA revealed strong trends for
MD (P 0.060) and for the double interaction sexMD (P
0.097). In order to further elucidate possible significant effects
we performed additional two-way ANOVA. The two-way
ANOVA split by sex revealed a significant effect of the double
interaction MDpharmacological treatment; [F(1,18)  5.00,
P0.05] in males and a significant effect of MD [F(1,19) 
6.21, P0.05] in females. The two-way ANOVA split by phar-
macological treatment revealed a significant effect of the
double interaction sexMD [F(1,18)  4.59, P0.05] in the
ehicle injected animals, and a significant effect MD [F(1,19)
.98, P0.05] in the CP treated animals.
The main results regarding BDNF measurement can
e summarized as follows. Control females exhibited lower
asal levels of BDNF when compared with control males in
A3 and in DG. As Fig. 5 shows, the clearest differences
ere found in females. In this sex, adolescent cannabinoid
xposure induced a decrease of BDNF expression in CA1
nd CA3 areas that appeared to be compensated by MD,
hereas the combination of both treatments appeared to
esult in an increase in BDNF in DG.
DISCUSSION
The present results show that both, MD and adolescent
cannabinoid exposure induced long-term sex-dependent
effects on hippocampal GFAP, CB1 receptors and BDNF
levels. In glial cells in the polymorphic cell layer of the DG
adult control females exhibited higher basal levels of
GFAP cells than males. Previously we found that PND
13 control females showed more hippocampal GFAP
cells than control males. Moreover, we also found that
control females showed more hippocampal Fluoro Jade-C
(FJ-C) cells (i.e., degenerating neurons) than control
males (Llorente et al., 2009). These data suggest that, at
PND 13, the rates of “natural” apoptosis and astrocyte
proliferation may be greater in females than in males.
Potentially, these developmental differences might be in-
volved in the generation of the sexual dimorphisms ob-
served here in the adult animals. MD induced, in males, a
significant increase in the number of GFAP cells in CA1
and CA3 areas and in the polymorphic layer of the DG. In
a previous study this same MD procedure (24 h MD at
PND 9) induced at PND 13 a significant increase in the
number of GFAP and Fj-C cells in the hippocampus
(Llorente et al., 2009). The present data demonstrate that
the effect of MD is long lasting. The treatment with CP also
induced, in control non-MD males, a significant increase in
the number of GFAP cells in the polymorphic layer of
the DG.
The differences in the number of GFAP immunore-
active cells induced by the present treatments may reflect
developmental effects on the differentiation and prolifera-
tion of astrocytes or the activation of formerly quiescent
astrocytes. An increased expression of GFAP and an in-
crease in the number of GFAP immunoreactive astro-
cytes are markers of reactive gliosis that is associated to
neurodegenerative modifications (Eng and Ghirnikar,
1994). One of the possible molecular changes in reactive
r cell lay
M. López-Gallardo et al. / Neuroscience 204 (2012) 90–10398astrocytes described by Sofroniew (2009) is an upregula-
tion of GFAP expression. This could make it possible to
Fig. 4. Representative microphotographs of CB1 immunoreactivity
binoid agonist CP 55,940 (CP) in CA1, and CA3 of Ammon’s Horn
and female rats. Scale bar 5 m. MD, maternal deprivation; Co, co
oriens; SP, stratum pyramidale; SR, stratum radiatum; gcl, granuladetect astrocytes that would otherwise remain under thelevel of detection by immunohistochemistry in control rats.
Therefore, part of the differences detected in the number of
ternal deprivation (MD) and adolescent treatment with the canna-
e Dentate Gyrus (DG) of the hippocampal formation of adult male
MD animals; Vh, vehicle (see text); CP, CP 55,940; SO, stratum
er; ml, molecular layer; pl, polymorphic layer.after ma
and in th
ntrol nonGFAP immunoreactive cells may reflect modifications in
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neuronal cell death.
Human studies indicate that young cannabis users are
more likely to use psychostimulants, hallucinogens or opi-
oids than those who have never used cannabis (Fergus-
son et al., 2006), and experimental models have revealed
that cannabinoids might induce lasting neuronal altera-
tions that could affect the stimulant and/or reinforcing
values of other drugs of abuse (Pistis et al., 2004;
Ellgren et al., 2007). Interestingly, astrocytes have been
implicated in the development of the rewarding effects
and the drug dependence (Narita et al., 2008). It is
tempting to speculate that the changes in GFAP hip-
pocampal cells found in the present study might be
related to this phenomenon. In relation to these relation-
ships, endocannabinoids have been shown to activate
reward-related feeding and to promote astrocytic differ-
entiation (Higuchi et al., 2010).
Two-dimensional gel electrophoresis (2DE) proteomic
analysis conducted on 9-THC-treated hippocampal sam-
ples revealed several proteins showing long-lasting alter-
ations in response to THC administration. The greater
number of differentially expressed protein spots in adoles-
cent 9-THC pretreated rats compared with adult 9-THC-
pretreated rats suggests a greater vulnerability to lasting
effects of 9-THC in the former group. Differentially ex-
pressed proteins in adolescent 9-THC exposed rats in-
cluded cytoskeletal and other structural proteins, including
transgelin-3 (NP25), - and -tubulin and myelin basic
rotein (MBP) (Quinn et al., 2008). This may be linked to
tructural changes or remodeling occurring after 9-THC
xposure in adolescents and is consistent with observa-
ions of cytoarchitectural changes occurring with cannabi-
oid treatment (Tagliaferro et al., 2006) and other reports
f altered expression of the structural-related proteins tu-
ulin and actin (Tahir et al., 1992; Wilson et al., 1996). As
whole, differentially expressed proteins in the hippocam-
us of 9-THC preexposed adolescents have a variety of
unctions broadly related to oxidative stress, mitochondrial
Fig. 5. Effects of maternal deprivation (MD) and/or adolescent exposu
adult male and female rats. Quantification of BDNF immunoreactivity
Gyrus (DG). Histograms represent the meanSEM of six animals per e
vehicle (see text); CP, CP 55,940. ANOVA (P0.05); b, significant ove
female.nd metabolic function and regulation of the cytoskeleton snd signaling. The present data show that adolescent CP
xposure tended to reduce BDNF expression in CA1 and
A3 of females, which is in line with the above results. In
act, BDNF exerts potent effects on neuronal function and
urvival and is important in maintaining dendritic morphol-
gy and synaptic function (Nagahara and Tuszynski,
011). In turn, maternal deprivation counteracted the influ-
nce of CP and increased BDNF in females. Previous data
bout the effects at adulthood of maternal deprivation/
eparation procedures on hippocampal BDNF functioning
re conflicting. Although most of the studies have de-
cribed a decrease in BDNF mRNA or protein levels (Ro-
eri et al., 2002; Lippmann et al., 2007; Aisa et al., 2009;
e Lima et al., 2011), in other cases no changes have been
etected (Roceri et al., 2004; Choy et al., 2008; Réus et al.,
011) and even an increase in BDNF protein levels without
hanges in BDNF mRNA have been described (Greisen et
l., 2005). We have previously found (Valero et al., 2011)
hat, at adolescence, MD, per se, decreased BDNF in the
ippocampus. However, in this case the measurement
as performed at adulthood and the animals received
hronic injections, which may have contributed to counter-
ct the effect of MD. It is also likely that the increase in
DNF in the adulthood is a compensatory effect.
As a whole, the results suggest that male hippocam-
al astrocytes were more vulnerable than females to the
ffects of MD and juvenile cannabinoid treatment on
ippocampal astrocytes. This finding suggests the exis-
ence of protective mechanisms in females. Previous
tudies in adult rats have identified sexual dimorphisms
elating to the effects of stress on the hippocampus and
mygdala, with males being more vulnerable. These
ifferences may depend on the protective effects of
irculating gonadal hormones in females and/or on or-
anizational developmental effects of gonadal steroids
Cooke et al., 1998; McEwen, 2007). Interestingly, sex-
al dimorphisms have been reported for the neonatal
entral hippocampal lesion model of schizophrenia with
dult male rats showing more pronounced deficits in
cannabinoid agonist CP 55,940 on hippocampal BDNF expression of
ied out in CA1, and CA3 areas of Ammon’s Horn and in the Dentate
ntal group. MD, maternal deprivation; Co, control non MD animals; Vh,
t of maternal deprivation. Significant differences, P0.05: $ vs. CoVhre to the
was carr
xperime
rall effecocial behavior, grooming and water-maze learning than
M. López-Gallardo et al. / Neuroscience 204 (2012) 90–103100females (Silva-Gómez et al., 2003). Thus, female devel-
opmental neuroprotective mechanisms may have their
functional correlate at the behavioral level in the long-
term. We cannot rule out that the present sex differ-
ences are indicative of a different timing in the cellular
effects of MD and CP in both sexes. Moreover, our
results indicate a different vulnerability of different sub-
regions within the hippocampus to both types of manip-
ulations. The results obtained in the animals receiving
the two treatments, that is, MD and the adolescent
chronic cannabinoid agonist indicate functional interac-
tions between the two types of manipulations. For in-
stance, in CA3 areas and in the polymorphic layer of the
DG, treatment with CP tended to counteract the effect of
MD. Intriguingly, both treatments, when administered
separately induced changes that go in the same direc-
tion whereas the combination of both manipulations ap-
peared to lead to “normalization”.
A relevant finding of the present study is the occur-
rence of sex differences in CB1 receptor immunoreac-
tivity among the control (vehicle-injected, non MD) ani-
mals, with control females showing lower CB1 receptor
immunoreactivity in diverse areas of the hippocampal
formation. Previous studies using Western blot analysis
also indicated a sex difference in hippocampal CB1
levels with males having higher CB1 levels than females
(Reich et al., 2009). MD induced a decrease in CB1
expression in adult males and females. We have previ-
ously shown that this same MD procedure (24 h MD at
PND 9) induced a short-term (PND 13) reduction in
hippocampal CB1 receptors in males but not females.
The present data demonstrate that the effect of MD in
males is long lasting. Moreover, whereas females where
not affected by MD in infancy (PND 13) (Llorente et al.,
2009; Viveros et al., 2009), adult MD female animals do
show a decrease in their hippocampal CB1 expression.
This fact might be attributable to a differential develop-
mental profile of hippocampal CB1 cannabinoid recep-
tors in male and female rats, suggesting that an accu-
rate interpretation of sexual dimorphisms, at least for
certain parameters requires a broad and dynamic per-
spective rather than a single observation at one age. In
turn, adolescent cannabinoid exposure induced, in non
deprived males, a general decrease in CB1 immunore-
activity in adulthood that was most marked in CA1 and in
the polymorphic layer of the DG. This long-lasting de-
crease in CB1 receptor immunoreactivity in CP males
may represent a mechanism of adaptation, which was
not present in females. These data appear to be in
agreement with our previous behavioural results ob-
tained with the same animals used in this study
(Llorente-Berzal et al., 2011). In this earlier report we
found that females were in general more affected at
adulthood by the adolescent cannabinoid treatment (re-
duction of the pre-pulse inhibition of the acoustic startle
response reflex and increase in novelty-seeking/explo-
ration measures in the holeboard). Interestingly, male
animals receiving MD and adolescent CP exhibited a
“normalization” of hippocampal CB1 expression. In linewith the results obtained with GFAP, these data point
to the existence of functional interactions between neo-
natal MD and adolescent cannabinoid exposure. In con-
trast to the effect observed in males, nondeprived CP
treated females tended to show an increase of hip-
pocampal CB1 immunoreactivity. Relevant to this latter
result, it has been very recently shown that chronic
adolescent 9-THC interacted with ovarian hormones to
produce persistent behavioral disruptions in female rats
responding under an operant task comprised of both,
learning and performance components as well as per-
sistent alterations in CB1 receptor levels (Western blot).
A primary example of these interactive effects occurred
in the hippocampus where CB1 receptor density was
significantly increased by 9-THC administration during
adolescence (a result that coincides with our present
data) but not if 9-THC administration was preceded by
ovariectomy (Winsauer et al., 2010), indicating that the
effect of adolescent THC on hippocampal CB1 receptors
required ovarian hormones.
A large number of sex differences have been re-
vealed in this study that deserves a final comment. In the
original organizational–activational hypothesis of brain
sexual differentiation, exposure to steroid hormones
early in development masculinizes and defeminizes
neural circuits (structural changes), programming be-
havioral responses to hormones in adulthood. Upon go-
nadal maturation during puberty, testicular and ovarian
hormones act on previously sexually differentiated cir-
cuits to facilitate expression of sex-typical behaviours
(activational effects) (Handa et al., 2008; Schwarz and
McCarthy, 2008). Recently, it has been proposed that
the remodeling adolescent brain is organized a second
time by gonadal steroid hormones secreted during pu-
berty. This second wave of brain organization would
build on and refine circuits that were sexually differenti-
ated during early neural development. If, in fact, steroid-
dependent organization of behaviour occurs during ad-
olescence, this prompts a reassessment of the develop-
mental time-frame within which organizational effects
are possible (Schulz et al., 2009). Regarding the present
study, adolescent cannabis may have interfered with the
reorganization mediated by the second wave.
CONCLUSIONS
In conclusion, in males MD induced a significant increase
in the number of GFAP cells in CA1 and CA3 areas
and in the polymorphic layer of the DG. In these latter two
regions CP treatment tended to counteract the effect of
MD. The treatment with CP induced, in control non-de-
prived males, a significant increase in the number of
GFAP cells in the polymorphic layer of the DG. As a
whole, these results suggest that males were more vulner-
able than females to the effects of MD and juvenile can-
nabinoid treatment on hippocampal astrocytes. As for CB1
cannabinoid receptors, MD induced a decrease in CB1
expression in both, males and females. Adolescent can-
nabinoid exposure induced in non deprived males a gen-
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M. López-Gallardo et al. / Neuroscience 204 (2012) 90–103 101eral decrease in CB1 immunoreactivity that was most
marked in CA1 and in the polymorphic layer of the DG. In
contrast, nondeprived CP treated females tended to have
increased hippocampal CB1 immunoreactivity. Male ani-
mals receiving the two treatments showed a certain “nor-
malization” of hippocampal CB1 expression, indicating
functional interactions between neonatal MD and adoles-
cent cannabinoid exposure. As for BDNF this interaction
was also observed since the trend of CP treatment to
decrease BDNF was counteracted by MD. The data sup-
port the idea that astrocytes and CB1 receptors are crucial
targets for long-lasting effects of both early-life stress and
adolescent cannabis use, and encourage further research
on the pathophysiological significance of these phenom-
ena. Endocannabinoids promote astroglial differentiation
through the activation of CB1 receptors (Aguado et al.,
2006) and mediate neuron–astrocyte communication (Na-
arrete and Araque, 2008). The present results further
ighlight the potential functional importance of astrocytes
nd its interaction with the endocannabinoid system in
elation to long-term consequences of adolescent canna-
is exposure and highlight the urgent need of a deeper
nvestigation of the functional significance of long-term
hanges in hippocampal CB1 receptors and astrocytes
fter adolescence cannabinoids exposure.
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RESULTADOS PRINCIPALES Y CONCLUSIONES PARCIALES 
 
Los presentes resultados muestran que ambos, la SM temprana y la exposición 
adolescente al agonista cannabinoide CP causaron diversas modificaciones sexo-
dependientes a largo plazo. Además, se observaron interacciones funcionales de ambos 
tratamientos sobre los niveles de GFAP, de receptores CB1 y de BDNF hipocampales.  
Este es el primer estudio que proporciona una medida sistemática del 
comportamiento materno tras este procedimiento específico de separación materna, y en 
concreto encontramos que la SM causó un aumento del comportamiento materno. 
A nivel conductual la SM causó en ratas macho un incremento significativo del 
tiempo pasado en las áreas abiertas del LCE. La SM en las presentes condiciones no 
produjo una alteración de la capacidad de PPI en ninguno de los sexos. Es posible que 
los efectos deletéreos de la SM sobre este parámetro hayan sido de alguna manera 
revertidos por la manipulación a la que los animales fueron sometidos para su pesado e 
inyección durante el periodo adolescente. El tratamiento adolescente con CP, sin 
embargo, sí que causó una disminución de la PPI, cuando la intensidad del prepulso fue 
de 80 dB, en hembras adultas, aunque no en machos. Igualmente en hembras, el 
tratamiento con CP produjo un aumento del comportamiento exploratorio (head-diping) 
y una disminución de las conductas de ansiedad (aumento de la deambulación interna) 
en el TCA.  
Respecto al eje HHA, el tratamiento adolescente con CP provocó un incremento 
de hormona adrenocorticotropa (ACTH) y corticosterona en respuesta a la prueba de la 
PPI en machos, mientras que no se vio ningún efecto del CP en la respuesta del eje 
HHA en las hembras. 
En resumen, en lo concerniente al estudio de comportamiento y respuesta al 
estrés, en machos, la SM parece reducir la ansiedad o incrementar el comportamiento de 
toma de riesgos mientras que la exposición adolescente a compuestos cannabinoides no 
tuvo importantes efectos conductuales pero sí causó un aumento de la respuesta del eje 
HHA a un estrés de nivel moderado. En hembras, la SM no produjo ningún efecto, pero 
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la exposición adolescente a un compuesto cannabinoide puede haber promovido que 
muestren en durante la etapa adulta conductas de búsqueda de la novedad y un déficit de 
la atención.  
La administración de CP durante la adolescencia disminuyó la ganancia de peso 
corporal durante el periodo del tratamiento tanto en machos como en hembras. La SM, 
por su parte, también causó una disminución a largo plazo del peso corporal. 
Posiblemente relacionado con esto último, las ratas SM adultas de ambos sexos 
mostraron una reducción de los niveles plasmáticos de leptina. 
En cuanto a los efecto de los tratamientos sobre los parámetro analizados por 
inmunohistoquímica, los presentes resultados muestran que tanto la SM como la 
exposición adolescente a un compuesto cannabinoide causaron efectos sexo-
dependientes y a largo plazo sobre los niveles de GFAP, de receptores CB1 y de BDNF 
hipocampales. 
En el estudio inmunohistoquímico del GFAP hipocampal, encontramos que las 
hembras control adultas presentaron un mayor número basal de células de glía GFAP+ 
en la capa celular polimórfica del giro dentado (GD) que los correspondientes machos.  
La SM causó en los machos un incremento significativo del número de células 
GFAP+ en las áreas CA1, CA3 y en la capa polimórfica del GD. En estas dos últimas 
regiones el tratamiento con CP tuvo una tendencia a contrarrestar los efectos de la SM. 
El tratamiento con un compuesto cannabinoide durante la adolescencia también causó, 
en machos control no-SM, un aumento significativo del número de células GFAP+ en la 
capa polimórfica del GD. Estos resultados sugieren que los machos fueron más 
vulnerables que las hembras a los efectos de la SM y al tratamiento juvenil con el 
compuesto cannabinoide sobre los astrocitos hipocampales. 
Un importante hallazgo del presente estudio es la aparición de diferencias 
sexuales en la inmunorreactividad al receptor CB1 entre los animales control (tratados 
con vehículo y no-SM), mostrando las hembras una menor inmunorreactividad al 
receptor CB1 en diversas áreas de la región hipocampal.  
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La SM causó una disminución de la expresión de CB1 en machos y hembras 
adultos. A su vez, la exposición a un compuesto cannabinoide durante la adolescencia 
causó, en machos no-SM, una disminución general de la inmunorreactividad a CB1 en 
la edad adulta que fue más marcada en CA1 y en la capa polimórfica del GD. En 
contraste, las hembras no-SM tratadas con CP mostraron una tendencia a incrementar la 
inmunorreactividad a CB1 en el hipocampo. Los animales macho que recibieron los dos 
tratamientos mostraron una cierta “normalización” de la expresión de CB1 en el 
hipocampo, indicativo de interacciones funcionales entre la SM neonatal y la exposición 
adolescente al compuesto cannabinoide. Con respecto al BDNF, también observamos 
una tendencia a interacción entre tratamientos. Así, la exposición adolescente a CP 
tendió a reducir la expresión de BDNF en CA1 y CA3 de hembras mientras que la SM 
contrarrestó la influencia del CP e incrementó el BDNF hipocampal. 
En conjunto, los resultados presentados en este primer capítulo sugieren que 
tanto experiencias estresantes durante la infancia como la exposición a cannabis durante 
la adolescencia pueden producir efectos a largo plazo sobre las conductas cognitivas y 
emocionales. Por otra parte, los datos inmunohistoquímicos aquí aportados apoyan la 
idea de que las células gliales, en particular los astrocitos, y los receptores CB1 
constituyen dianas relevantes respecto a los efectos a largo plazo de ambos tipos de 
tratamientos. 
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La separación materna modula la preferencia condicionada de 
lugar a MDMA de una manera sexo-dependiente. Correlatos 
neuroquímicos 
 
La separación materna (SM) produce alteraciones en la vulnerabilidad a 
diferentes drogas de abuso, tales como la cocaína (Matthews et al., 1999; Moffet et al., 
2006) y la anfetamina (Campbell y Spear, 1999). A su vez, el período adolescente se ha 
asociado con un incremento del riesgo a desarrollar problemas relacionados con las 
drogas de abuso (Bava y Tapert, 2010), y su correlato en roedores, es decir, el período 
análogo al periadolescente en humanos, se considera como un modelo útil para el 
estudio de los factores de riesgo asociados con una elevada vulnerabilidad a las drogas 
en estas edades (Schramm-Sapyta et al., 2009). En relación a los efectos de la SM sobre 
la vulnerabilidad a drogas de abuso, particularmente psicoestimulantes, durante la 
adolescencia, los estudios son relativamente escasos. Faure et al (2009) observaron que 
ratas macho adolescentes que habían sido sometidas a SM [3 horas diarias entre los días 
postnatales (DP) 2-14] no mostraron cambios en la susceptibilidad a metanfetamina y 
en un estudio más reciente se ha observado que ratones macho adolescentes a los que se 
les realizó un solo episodio de SM (24 horas a DP 12) mostraron alteraciones en la 
adquisición de la autoadministración de cocaína (Martini y Valverde, 2012).  
El éxtasis (MDMA, 3,4-metilendioximetanfetamina), es una droga recreativa 
con propiedades psicoestimulantes normalmente consumida por adolescentes 
(EMCDDA, 2012). La MDMA produce efectos gratificantes en roedores adolescentes 
en el paradigma de la preferencia condicionada de lugar (CPP; del inglés Conditioned 
place preference; Catlow et al., 2010; Manzanedo et al., 2010; Daza-Losada et al., 
2007), que consiste en un condicionamiento de tipo pavloviano que asocia un ambiente 
específico con los efectos farmacológicos de una droga, y un ambiente distinto con la 
ausencia de la droga. Típicamente, los animales prefieren el ambiente asociado con las 
drogas de abuso usadas por humanos (Aguilar et al., 2009; Tzschentke, 1998). Se ha 
visto que existe una gran cantidad de diferencias sexuales con respecto a los efectos de 
la MDMA en roedores (Wallinga et al., 2011; Fonsart et al., 2009; Walker et al., 2007; 
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Koenig et al., 2005; Pálenícek et al., 2005;). En el presente estudio hemos evaluado la 
posible influencia moduladora de la SM sobre los efectos gratificantes de la MDMA en 
ratas adolescentes de ambos sexos. También hemos evaluado los efectos de la SM en el 
comportamiento de las mismas ratas en el campo abierto al llegar a la etapa adulta. El 
campo abierto permite medir conductas relacionadas con emotividad/ansiedad (Valle y 
Bols, 1976; Gray, 1987). 
Hay una gran variedad de neurotransmisores que parecen estar involucrados en 
los efectos gratificantes de la MDMA, particularmente la dopamina (Vidal-Infer et al., 
2012) y la serotonina (Bilsky y Reid, 1991). La MDMA, principalmente, produce una 
liberación de serotonina presináptica, y en menor medida de norepinefrina y dopamina 
(Schmidt et al., 1987). Se ha visto que esta droga tiene una alta afinidad por el 
transportador de serotonina y una afinidad moderada por los receptores serotoninérgicos 
postsinápticos 5-HT2 (Battaglia et al., 1988). Es más, varios estudios preclínicos han 
mostrado que un tratamiento a corto plazo con MDMA puede causar una pérdida a largo 
plazo o incluso permanente de neuronas serotoninérgicas funcionales como puede 
constatarse por la disminución de los niveles de serotonina y ácido 5-hidroxindolacético 
(5-HIAA) (Battaglia et al., 1987; Sarkar y Schmued, 2010). Existe un alto número de 
evidencias del papel del sistema endocannabinoide (SEC) en los efectos gratificantes de 
la MDMA (Braida et al., 2005; Manzanedo et al., 2010; Daza-Losada et al., 2011). Por 
otro lado, la MDMA causa efectos endocrinos que todavía no están bien caracterizados, 
pero que son relevantes para el estudio de la propiedades adictivas de las drogas de 
abuso, tales como alteraciones en los niveles de corticosterona y leptina (Shalev et al., 
2010). El consumo de MDMA produce a corto plazo un aumento de los niveles de 
corticosterona (Graham et al., 2010; Ferraz-de-Paula et al., 2011) y causa una 
disminución transitoria de los niveles serológicos de leptina (Kobeissy et al., 2008). 
Como ya hemos comentado en el capítulo anterior, en los últimos años hemos 
caracterizado un modelo específico de SM en el cual las ratas son sometidas a un solo 
episodio de SM de 24 horas a día postnatal (DP) 9. Durante la adolescencia y/o la etapa 
adulta, las ratas SM exhiben conductas de tipo depresivo, alteraciones de las respuestas 
locomotoras, una elevada impulsividad y respuestas alteradas a un agonista 
cannabinoide (Llorente et al., 2007; Marco et al., 2009), alteraciones en la función del 
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eje hipotalámico-hipofisario-adrenal (HHA) (Llorente et al., 2007; Llorente-Berzal et 
al., 2012), una expresión disminuida del receptor CB1 en el hipocampo (Llorente-
Berzal et al., 2012; López-Gallardo et al., 2012), unos menores niveles circulantes de 
leptina (Llorente et al., 2011), marcadas modificaciones en el sistema serotoninérgico 
de diversas regiones cerebrales (Llorente et al., 2010) y una plasticidad sináptica 
alterada (Marco et al., 2012). Además, hemos descrito numerosas diferencias sexuales 
en cuanto a los efectos de este modelo de SM (Llorente-Berzal et al., 2012; Llorente et 
al., 2011; Viveros et al., 2009).  
Considerando que ambas, la SM y la MDMA, parecen afectar algunos 
parámetros en común y en diversos casos de una forma sexo-dependiente, quisimos 
estudiar los efectos moduladores de la SM no sólo sobre los efectos gratificantes de la 
MDMA, sino también sobre los sistemas serotoninérgico y endocannabinoide y en los 
niveles circulantes de corticosterona y leptina en ratas jóvenes de ambos sexos.  
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The  early  neonatal  stage  constitutes  a  sensitive  period  during  which  exposure  to  adverse  events  can
increase  the  risk  of  neuropsychiatric  disorders.  Maternal  deprivation  (MD)  is a  model  of early  life stress
that induces  long-term  behavioural  and  physiological  alterations,  including  susceptibility  to  different
drugs of  abuse.  In  the present  study  we  have  used  the  conditioned  place  preference  (CPP)  paradigm  to
address  the  influence  of  MD  on the  rewarding  effects  of  3,4-methylenedioxymetamphetamine  (MDMA)
in adolescent  animals  of  both  sexes.  We  have  previously  observed  in  adolescent  rats  that  MD  induces
modifications  in  the  serotonergic  and  endocannabinoid  systems,  which  play  a role  in  the  rewarding
effects  of  MDMA.  In  light  of  this  evidence,  we  hypothesized  that  MD  would  alter  the psychobiological
consequences  of  exposure  to  MDMA.  Neonatal  Wistar  rats  underwent  MD  (24 h,  on  PND  9)  or  were  left
undisturbed  (controls).  The  animals  were  conditioned  with  2.5 mg/kg  MDMA  during  the  periadolescent
period  (PND  34–PND  43)  and  were  tested  in  the  open-field  test  at the  end  of adolescence  (PND  60).
Animals  were  sacrificed  on  PND  68–75  and  levels  of  serotonin  (5-HT)  and  its  metabolite  5-hydroxyindole
acetic  acid  were  measured  in  the  striatum,  hippocampus  and  cortex,  while  the  expression  of  hippocampal
CB1 cannabinoid  receptor  (CB1R)  and  circulating  levels  of corticosterone  and  leptin  were  also  measured.
Control males  showed  CPP  after  administration  of  MDMA.  However,  no  MDMA-induced  CPP  was  detected
in control  females  or MD  males,  and  MD  had  no effect  on  open  field  activity  in  any  group.  A  reduction  in
striatal  and  cortical  5-HT  levels,  increased  expression  of  hippocampal  CB1R  and  a  marked  trend  towards
higher  circulating  leptin  levels  were  observed  in MDMA-treated  MD  males.  Our  results  demonstrate  for
the  first  time  that  MD  reduces  the  rewarding  effects  of  MDMA  in  a sex-dependent  manner.  We  propose
that this  effect  is  related,  at least  in  part,  with  alterations  of  the  serotonergic  and  cannabinoid  systems.∗ Corresponding author at: Unidad de Investigación Psicobiología de las Drogode-
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1. Introduction
The early neonatal age constitutes a sensitive period with
respect to responsiveness to external environmental factors. A large
body of evidence supports the fact that insults during brain matu-
ration can lead to neurophysiological and behavioural impairments
related with the aetiology of major neuropsychiatric disorders
(Beydoun and Saftlas, 2008). In rodent models, disruption of normal
mother–infant interactions has been reported to produce changes
in the neurobiology, physiology and emotional behaviour of adult
animals (Marco et al., 2009; Viveros et al., 2009). Maternal depri-
vation (MD) induces alterations in vulnerability to different drugs
of abuse, such as cocaine (Matthews et al., 1999; Moffett et al.,
2006), and amphetamine (Campbell and Spear, 1999). Although
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dolescence is a critical developmental period during which sev-
ral psychiatric disorders emerge, the long-term neurobehavioural
ffects of MD  on adolescent animals have been the subject of lit-
le study. Adolescence is also associated with an increased risk of
rug-related problems (Bava and Tapert, 2010), and periadolescent
odents are considered a useful model for the study of risk fac-
ors associated with enhanced vulnerability to drugs in adolescent
umans (Schramm-Sapyta et al., 2009). The effects of MD  on vulner-
bility to drugs of abuse during adolescence have been addressed
y only two studies. In the first, adolescent male rats undergoing
aternal separation (3 h daily on PND 2–14) did not show changes
n their susceptibility to methamphetamine (Faure et al., 2009). In
he second, adolescent male mice experiencing a single episode of
D  (24-h on PND 12) showed impairment in their acquisition of
ocaine self-administration (Martini and Valverde, 2012).
In recent years we have characterized a specific MD  model
y which rats are submitted to a single 24 h episode of MD
n PND 9. During adolescence and/or adulthood, MD rats dis-
lay depressive-like behaviours, altered locomotor responses,
ncreased impulsivity and altered responses to a cannabinoid ago-
ist (Llorente et al., 2007; Marco et al., 2009), alterations in
he hypothalamus–pituitary–adrenal axis (HPA) function (Llorente
t al., 2007; Llorente-Berzal et al., 2012, 2011), decreased CB1
eceptor expression in the hippocampus (Llorente-Berzal et al.,
012; López-Gallardo et al., 2012), lower circulating leptin levels
Llorente et al., 2011; Llorente-Berzal et al., 2011), marked modifi-
ations in the serotonergic system of diverse brain regions (Llorente
t al., 2010) and altered synaptic plasticity (Marco et al., 2012). In
ddition, diverse MD-induced effects have been associated with
exual dimorphisms (Llorente et al., 2011; Llorente-Berzal et al.,
012; Viveros et al., 2009).
Ecstasy, or MDMA  (3,4-methylenedioxy-methamphetamine), is
 club drug with psychostimulant properties usually consumed by
dolescents (EMCDDA, 2011). MDMA  induces rewarding effects
n adolescent rodents in the conditioned place preference (CPP)
aradigm (Catlow et al., 2010; Daza-Losada et al., 2007; Manzanedo
t al., 2010), which consists of a Pavlovian conditioning that pairs
 specific environment with the pharmacological effects of a drug,
nd a different environment with the absence of the drug. Typically,
nimals prefer the environment that is paired with drugs abused
y humans (Aguilar et al., 2009; Tzschentke, 1998). In the present
tudy, we have addressed, for first time, the influence of MD on the
ewarding effects of MDMA  in adolescent rats in the CPP paradigm.
everal sex differences have been reported regarding the effects of
DMA  in rodents (Fonsart et al., 2009; Koenig et al., 2005; Pálenícek
t al., 2005; Walker et al., 2007; Wallinga et al., 2011). However,
otential sex differences in the rewarding effects of MDMA  have
ot been studied until now. In the present study we have evalu-
ted the possible modulatory influence of MD  on the rewarding
ffects of MDMA  in adolescent rats of both sexes. We  have also
valuated the effects of MD on the behaviour of the same rats in
 novel open field area on reaching adulthood. The open-field test
llows anxiety-related behaviours to be measured by comparing
he time spent by animals in the central area vs the periphery of
he field (Gray, 1987; Valle and Bols, 1976).
Several neurotransmitters seem to be involved in the condi-
ioned rewarding effects of MDMA,  particularly dopamine (DA)
Vidal-Infer et al., 2012) and serotonin (5-HT) (Bilsky and Reid,
991). MDMA  mainly releases presynaptic 5-HT, and to a lesser
xtent noreprinephrine and DA (Schmidt et al., 1987). This drug
as been shown to have a high affinity for the 5-HT transporter
nd a moderate affinity for postsynaptic serotonergic 5-HT2
eceptors (Battaglia et al., 1988). Moreover, several preclinical
tudies have shown that short-term MDMA  treatment can cause
ong-lasting and perhaps even permanent loss of brain seroto-
ergic neuron functioning, as indicated by depletion of 5-HT andology 311 (2013) 78– 86 79
5-hydroxyindoleacetic acid (5-HIAA) levels (Battaglia et al., 1987;
Sarkar and Schmued, 2010). There is accumulating evidence for
a role of the endocannabinoid system in the rewarding effects of
MDMA  (Braida et al., 2005; Daza-Losada et al., 2011; Manzanedo
et al., 2010). On the other hand, MDMA  exerts endocrine effects
that are not yet well characterized, but which are relevant to
the addictive properties of drugs of abuse, such as alterations in
corticosterone or leptin levels (Shalev et al., 2010). MDMA  induces
a short-term increase of corticosterone levels (Ferraz-de-Paula
et al., 2011; Graham et al., 2010) and causes a transient decrease
in serum leptin (Kobeissy et al., 2008).
Considering that both MD and MDMA  appear to affect diverse
common parameters, we aimed to address the modulatory effect
of MD not only on the rewarding effects of MDMA,  but also on the
effects of this drug on serotonergic and endocannabinoid systems
and circulating levels of corticosterone and leptin. We  hypothe-
sized that a single episode of MD  administered on PND 9 would
alter the rewarding effects of MDMA  on adolescent rats and their
behaviour in the open-field during adulthood. We  suspected that
these behavioural effects are related with long-term alterations
induced by MD in serotonin and 5-HIAA levels, hippocampal CB1
receptor expression and plasmatic corticosterone and/or leptin
levels. We  also hypothesized that some of the behavioural or bio-
chemical effects induced by MD are sex-dependent.
2. Materials and methods
2.1. Animals
Wistar albino rats (Rattus norvegicus) of both sexes were used in this study.
Subjects were the offspring of rats purchased from Harlan Interfauna Ibérica S.A.
(Barcelona, Spain), which were mated (one male + two females) approximately 2
weeks after their arrival. All animals were maintained at a constant temperature
(21 ± 2 ◦C) and humidity (55 ± 10%) in a reversed 12 h dark/light cycle (lights on at
20:00 h), with free access to food (commercial diet for rodents Harlan Interfauna
S.A., Barcelona, Spain) and water.
On  the day of birth [postnatal day (PND) 0] litters were culled and sex balanced
to  eight pups per dam (four males and four females). On weaning day (PND 22),
animals were separated by sex and housed four individuals per cage. A total of 22
litters were used, with experimental groups including animals from at least five
different litters. The same rats were used in behavioural (CPP and open field) and
biochemical (biogenic amines, corticosterone and leptin levels and CB1 receptor
Western blot assay) experiments (see Fig. 1). These studies were approved by the
local ethics committee and complied with the Royal Decree 1201/2005 (BOE no.
252) pertaining to the protection of experimental animals and with the European
Communities Council Directive 2010/63/UE.
2.2. Maternal deprivation
The MD protocol took place on postnatal day PND 9, as previously described
(Llorente et al., 2007, 2010). In brief, half of the litters were submitted to 24 h of
MD:  dams were removed from their home-cages at 9.00 am and the pups were left
undisturbed in their corresponding home-cage (in the same room) for 24 h. Dams
were returned to their corresponding home-cages at 9.00 am on PND 10.
2.3. Drugs
All experimental groups received a 0.01 ml/g i.p. injection of 2.5 mg/kg of MDMA
(3,4-methylenedioxymethamphetamine hydrochloride; Lipomed AG Laboratories,
Switzerland) on PND 35, 37, 39 and 41, and the same volume of the corresponding
vehicle, physiological saline (NaCl 0.9%), on PND 36, 38. 40 and 42.
2.4. Behavioural testing
2.4.1. CPP
For place conditioning, eight identical Plexiglas boxes with two equal-size com-
partments (30.7 cm length × 31.5 cm width × 34.5 cm height) separated by a grey
central area (13.8 cm length × 31.5 cm width × 34.5 cm height) were used. The com-
partments have different coloured walls (black vs white) and distinct floor textures
(fine  grid in the black compartment and wide grid in the white one).Four infrared light beams in each compartment of the box and six in the cen-
tral  area allowed the recording of the animal’s position and its crossings from one
compartment to the other. The equipment was controlled by two IBM PC computers
and MONPRE 2Z software (CIBERTEC SA, Spain). On PND 34 (±1) acquisition of the
place conditioning procedure was initiated (see Fig. 1). The CPP, consisting of three
80 A. Llorente-Berzal et al. / Toxicology 311 (2013) 78– 86
Fig. 1. Experimental design. Animals were deprived from their mother during 24 h on postnatal day (PND) 9. Animals were submitted to the conditioned place preference
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fest  from PND 34 until PND 43. During the conditioning phase, all groups were trea
ext  for more details). On PND 60, animals were subjected to the open field test and
issected and a blood sample was taken for subsequent neurochemical and endocr
hases, was carried out during the dark cycle (under dim illumination, <10 lx) fol-
owing a procedure that is unbiased in terms of initial spontaneous preference (for
ore details see Daza-Losada et al., 2007). During the first phase, or pre-conditioning
Pre-C), rats were given access to both compartments of the apparatus for 15 min
900 s) and the time spent by the animal in each compartment was recorded. Animals
howing strong unconditioned aversion (−33% of the session time) or preference
+67%) for a given compartment were discarded from the rest of the procedure.
n  each group, half the animals received the drug or vehicle in one compartment
nd the other half in the other compartment. After assigning the compartments, an
NOVA revealed that there were no significant differences between the time spent
n  the drug-paired and the vehicle-paired compartments during the Pre-C phase. In
he  second phase (conditioning), animals were conditioned with MDMA or saline
hrough four pairings with the respective compartment. Animals underwent only
ne  pairing per day: rats conditioned with MDMA received an injection of 2.5 mg/kg
f  MDMA immediately before confinement to the drug-paired compartment for
0  min  on days 2, 4, 6, and 8 (PND 35, 37, 39, and 41) and received physiological
aline before being confined to the vehicle-paired compartment for 30 min  on days
,  5, 7 and 9 (PND 36, 38, 40, and 42). The central area was never used during con-
itioning and access was  blocked by guillotine doors. During the third phase, or
ost-conditioning (Post-C), on day 10 (PND 43) the guillotine doors separating the
wo compartments were removed and the time spent by the untreated rat in each
ompartment was  recorded during a 900-s observation period. The difference in
econds between the time spent in the drug-paired compartment in the Post-C test
nd  that spent in the Pre-C test is a measure of the degree of conditioning induced
y  the drug. If this difference is positive, then the drug is considered to have induced
 preference for the drug-paired compartment, whereas the opposite indicates the
nduction of an aversion.
.4.2. Open field
When MDMA-treated adolescent rats entered adulthood (PND 60), their emo-
ionally related behaviour was  evaluated in the open field test. The open field
onsisted of a square arena (56 cm length × 56 cm width × 60 cm height) divided
nto 16 equal parts delimiting two areas: the periphery and the centre (the central
 parts). During the dark cycle, rats were placed in the open field, which was  illumi-
ated by a slight white light (40 lx), and their behaviour was  videotaped for 8 min.
ideotapes were evaluated by an observer who was blind to experimental condi-
ions using a computer program to determine the time animals spent ambulating in
he  periphery and in the central area, latency to enter the centre of the apparatus,
nd time of rearings.
.5. Tissue samplingAnimals were sacrificed by cervical fracture on PND 68–75. Within 2 min  their
rains were removed and placed on an ice-cold plate. The striatum, cortex and hip-
ocampus were dissected following the procedure described by Heffner et al. (1980),
nd  were then frozen on dry ice and stored at −80 ◦C. Blood samples were drawn
rom the trunk into vacuum blood collection tubes (Vacutest kima, Arzergrande,
taly), which were centrifuged (3000 rpm, 10 min, 4 ◦C) in order to obtain plasma for
urther analysis. Plasma was aliquotated and stored at −80 ◦C. different days with MDMA  (PND 35, 37, 39, 41) or saline (PND 36, 38, 40, 42) (see
 were sacrificed between PND 68–75. The striatum, cortex and hippocampus were
ays.
2.6. Analysis of biogenic amines
The striatum, cortex and hippocampus were thawed, weighed and then homog-
enized in 200 ml  of perchloric acid (0.1 N) using ultrasounds. The homogenate
was  centrifuged at 24,147 × g for 30 min and the supernatant divided into aliquots
for analysis of biogenic amines. Serotonin (5-HT) and 5-hydroxyindole acetic acid
(5-HIAA) were analysed in a high performance liquid chromatograph (Agilent
1100 series HPLC). Samples were applied to a column (ZORBAX Eclipse XDB-C8
46  mm × 150 mm,  5 m;  Agilent Zorbax High Pressure Cartige Guard-column). A
mobile phase consisting of 800 ml  of a solution of sodium acetate (0.01 M), 500 ml
of  a solution of citric acid (0.01 M)  ethylenediaminetetraacetic acid disodium salt
dehydrate (EDTA, 148 mg) and methanol (255 ml)  was passed through the column
at  a constant flow of 1 ml/min. The HPLC was maintained at a constant tempera-
ture (21 ± 1 ◦C). Analytes were oxidized on a glassy carbon electrode maintained at
300  mV  against an Ag/AgCl reference electrode (BAS). The complete separation of
biogenic amines was achieved in 25 min. Data were collected and analysed using the
Merk-Hitachi software package (Model D-7000). Levels of 5-HT and 5-HIAA (ng/mg
of  tissue) were analysed in the striatum, the hippocampus and the prefrontal cortex.
2.7. CB1 receptor Western blot assay
Tissue samples were homogenized with 20 strokes at a ratio of 1:3 (w/v) in
an  ice-cold lysis-buffer (Hepes 10 mM pH = 7.5; EGTA 10 mM;  EDTA 10 mM;  ClNa
150 mM;  CHAPs 2.5%) containing 5 mg/ml  of a cocktail of protease inhibitors (Roche,
Ref.: 11-836-170-001) and PMSF 0.1 M.  The homogenate obtained was centrifuged
at 14,000 rpm for 30 min and the supernatant then collected. The total protein
concentration per sample was calculated using the MicroBradford reagent system
(Bio-Rad, Hercules, CA, USA), quantified using a Multiskan FC microplate photome-
ter  (Thermo Fisher Technologies) with the Skanlt software for Multiskan FC, version
2.5. The samples were aliquoted and stored at −30 ◦C until use. The amount of pro-
tein loaded for each sample was determined from concentration–effect control gels
(data not shown), various amounts of hippocampal protein were loaded into the
control gel and analysed for CB1 receptor protein levels. The amount of protein
selected from the control gel to load into our test gels reflects the lowest possi-
ble amount that yielded a detectable, quantifiable band. All samples were balanced
to  20 g protein/gel lane and were then diluted (1:1) with Laemmli sample buffer
and heated at 90 ◦C for 2 min. They were then allowed to cool at room tempera-
ture before loading onto 10% SDS-polyacrylamide gels (1 h at 120 mV) and were
subsequently transferred (2.5 h at 200 mA  at 4 ◦C) onto nitrocellulose membranes
(Bio-Rad, Trans-Blot Transfer Medium, Ref.: 162-0115). Each experimental group
consisted of N = 6 animals. A sample of each group was run concurrently and a col-
orimetric molecular mass marker including standards ranging from 6 to 196 kDa
(Bio-Rad, Ref.: 161-0318) was loaded onto the last lane of the gel to determine pro-
tein size. Following transfer, blots were reversibly stained with Ponceau Solution
(Sigma Chemical Co.) to verify complete transfer of the proteins to the membrane.
Immunostaining of the membrane was performed by saturating non-specific sites
with PBS with 0.1% Tween-20 (PBST) with 5% non-fat dry milk for 2 h at room tem-
perature and then incubating the membranes with the primary antibody, rabbit
polyclonal anti-cannabinoid CB1 receptor (Thermo Scientific, Ref.: PA1-745), diluted
1:250 in PBST with 5% non-fat dry milk overnight at 4 ◦C under constant stirring.
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Fig. 2. Acquisition of place conditioning induced by MDMA.  Adolescent male and
female rats were conditioned with 2.5 mg/kg of MDMA.  Histograms represent time
(mean ± SEM) spent in the drug-paired compartment before (white) and after
(black) the conditioning session. Co: control (N = 10 males and 11 females); MD:A. Llorente-Berzal et al. /
he membranes were then washed with PBST (three times, 10 min each time) and
ncubated for 2 h at room temperature under stirring with the secondary antibody,
onkey anti-rabbit HRP conjugated, diluted 1:600 (Thermo Scientific, Ref.: SA1-200)
n  PBST with 5% non-fat dry milk. After three 5-min washes in PBST, immunoreac-
ive protein bands were visualized using the enhanced chemiluminescence (ECL)
etection kit (Bio-Rad, Immun-Star HRP Chemiluminescent Kits) according to the
anufacturer’s instructions. Chemiluminescent images were visualized with AGFA
urix, RP2PLUS film. Several exposure times ranging from 5 s to 15 min  were tested
o  determine the clearest visualization. The membranes were also probed, using the
ame method, with the monoclonal antibody anti--actin, diluted 1:750 (SIGMA,
ef.: A5441), and the secondary antibody goat anti-mouse IgG (Fab specific) perox-
dase conjugate, diluted 1:2500 (SIGMA, Ref.: A3682), which was  used as a loading
ontrol for normalization of CB1 blots. The autoradiographic films were digitized
sing a scanner, and the relative optical density of the blots was determined with
mageJ software 1.43x (NIH, USA). Using the molecular mass marker as reference,
he protein band we  obtained was determined to correspond to a mass of approx-
mately 23 kDa. This size is that of 23 kDa reported by the supplier and Twitchell
t  al. (1997). We  employed an anti-CB1 receptor antibody that recognizes residues
–77 of the CB1 receptor. When used in a Western blot procedure this antibody
etects protein bands of ∼23 kDa, ∼60 kDa, ∼72 kDa, and ∼180 kDa in rat brain
omogenate. Twitchell et al. (1997) demonstrated that these bands are related with
he  cannabinoid receptor (the larger, 70 kDa species might reflect differential gly-
osylation and the lower may  represent proteolytic fragments). We  detected one of
hese proteolytic fragments of the CB1 receptor. Previous Western blot studies have
emonstrated that the most abundant protein species for CB1 are 52–60 kDa (consis-
ent  with the monomeric CB1 species with various extensions of glycosylation), but
everal smaller and larger protein bands have also been reported (see for example
ichewicz et al., 2001; Egertova and Elphick, 2000; Grimsey et al., 2008; Shire et al.,
995). Western blot values were corrected using the internal membrane protein
ontrol of load -actin. The relative optical density of the blots from the male con-
rol  (Co) group was  used as a reference (100%), and data for the other experimental
roups were expressed as a percentage of Co males.
.8. Leptin and corticosterone plasma measurements
Plasma leptin levels were measured with a rat ELISA kit from B-Bridge
nternational (Cupertino, CA, USA) following the manufacturer’s instructions. The
ensitivity of the test is 0.5 ng/ml. All samples were run in duplicate. Plasma corti-
osterone concentration was measured using a solid phase 125I radioimmunoassay
ImmuchemTM Corticosterone 125I RIA kit for rats and mice, MP  Biomedicals, Orange-
urg, NY). The detection limit was 7.7 ng/mL and the intra-assay and inter-assay
oefficients of variation were less than 10%.
.9. Statistical analysis
CPP data were analysed using a two-way analysis of variance (ANOVA) with two
etween-subjects factor – sex (male or female) and neonatal manipulation (Co or
D)  – and a within-subjects factor, days (Pre-C and Post-C). Open field data, 5-HT
nd  5-HIAA, CB1 expression, leptin and corticosterone were analysed by means of a
wo-way ANOVA, with sex (male or female) and neonatal manipulation (Co or MD)
s factors. To satisfy the assumption of normality for the ANOVA, leptin level data
ere transformed. Post hoc comparisons (Bonferroni) were performed with a level
f significance set at p < 0.05. Additional ANOVAs split by one of the independent
actors were performed to further clarify the results observed. Statistical analyses
ere performed using the SPSS 19.0 software package (SPSS Inc., Chicago, IL, USA).
. Results
.1. CPP
The ANOVA of the data obtained after MDMA  conditioning
evealed that the interaction sex × neonatal manipulation × days
as significant [F(1,41) = 4.86; p < 0.05]. Post hoc comparison
howed that non-deprived males spent more time in Post-C than
n Pre-C in the drug-paired compartment, which implied acquisi-
ion of CPP. In Post-C, MD males spent less time in the drug-paired
ompartment than non-deprived males (p < 0.05) (see Fig. 2).
.2. Open field
The analysis of the parameters measured in this test revealed
 significant effect of sex, with males spending more time in
he periphery than females [F(1,39) = 21.23; p < 0.001] and females
howing the highest values for time spent in the centre of the appa-
atus [F(1,39) = 9.79; p < 0.01] and time of rearing [F(1,39) = 20.25;maternal deprived (N = 12 males and 12 females). Post hoc comparisons, *p < 0.05,
significant difference with respect to pre-conditioning values. + p < 0.05, significant
difference with respect to Co Males.
p < 0.001]. No significant differences were found regarding latency
to enter the centre of the apparatus (see Fig. 3). No significant effects
were produced by the MD  protocol.
3.3. Monoamines assay
The data obtained from the analysis of biogenic amines are sum-
marized in Table 1. The ANOVA performed for levels of 5-HT in the
striatum revealed a significant sex × neonatal manipulation inter-
action [F(1,39) = 5.00; p < 0.05]; MD males showed lower levels of
5-HT than both MD  females and non-deprived males. With respect
to 5-HIAA in the striatum, there was  also a significant interaction
of sex × neonatal manipulation [F(1,39) = 80.336; p < 0.01]. Post hoc
comparisons revealed higher 5-HIAA levels in MD females than
in non-deprived females, whereas non-deprived males showed
higher 5-HIAA levels than non-deprived females and MD  males. The
ANOVA performed for 5-HT levels in the cortex revealed significant
effects of neonatal manipulation [F(1,39) = 6.02; p < 0.05] and the
interaction sex × neonatal manipulation [F(1,39) = 7.41; p < 0.01].
Post hoc comparisons indicated significantly lower levels of 5-HT
in MD  males than in non-deprived animals of the same sex. With
respect to 5-HIAA content in the cortex, a significant effect was
observed for sex [F(1,39) = 4.91; p < 0.05] and neonatal manipula-
tion [F(1,39) = 5.81; p < 0.05]. Post hoc comparisons revealed higher
levels of 5-HIAA in males than in females and lower levels 5-HIAA in
MD  rats than in non-deprived animals. The analysis of hippocampal
5-HT and 5-HIAA levels did not reveal significant differences.
3.4. CB1 receptor assay
The two-way ANOVA showed that the interaction
sex × neonatal manipulation had significant effects [F(1,24) = 5.28,
p < 0.05]. An additional one-way ANOVA for males revealed a
marginally significant effect of MD in this sex [F(1,12) = 4.50,
p = 0.055]. Indeed, as shown in Fig. 4, MD  increased the expression
of CB1 receptor protein in the hippocampus of males treated with
MDMA,  an effect that was  not observed in females.
3.5. Leptin and corticosterone plasma measurementsThe two-way ANOVA for corticosterone data revealed a signif-
icant effect of sex [F(1,35) = 22.57; p < 0.001]. As Fig. 5 shows, both
control and MD  females exhibited higher hormone levels than their
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aig. 3. Exploration in the open field test. Young adult rats (PND 60) were exposed
alking  in the periphery (A) or in the centre (B), latency to enter the centre of the a
aternal  deprived (N = 12 males and 12 females). ANOVA (p < 0.05), (a) significant o
ale counterparts (p < 0.01 and p < 0.05 for control and maternally
eprived animals, respectively). The MD  protocol did not induce
ny significant effect.
A significant effect of sex was also found when leptin plasmatic
evels were analysed [F(1,28) = 13.70; p < 0.001], with females dis-
laying lower leptin levels than males. As Fig. 6 shows, MD males
ended to have higher leptin levels than control males, though the
ifference did not reach statistical significance. Thus, the MD pro-
ocol did not induce any significant effect.
able 1
ffects of maternal deprivation on the serotonergic system in discrete brain regions of MD
Males 
Non-deprived Maternally deprive
Striatum
5-HT 425 ± 25 354 ± 38*
5-HIAA 264 ± 17 224 ± 16*
Cortex
5-HT 444 ± 32 347 ± 19*
5-HIAA 134 ± 10 106 ± 9b
Hippocampus
5-HT 177 ± 13 180 ± 12 
5-HIAA 171 ± 13 196 ± 9 
-HT: serotonin; 5-HIAA: 5-hydroxyindole acetic acid. Levels expressed in ng/mg of tiss
nalyses, *p < 0.05 vs non-deprived males; #p < 0.05 vs maternally deprived males; $p < 0.0novel environment for 8 min. Histograms represent the time (mean ± SEM) spent
tus (C) and the time of rearing (D). Co: control (N = 10 males and 11 females); MD:
 effect of sex.
4. Discussion
This study provides the first evidence that a single 24 h episode
of MD  on PND 9 induces sex-dependent long-term alterations in
the behavioural and neurochemical effects of adolescent expo-
sure to MDMA.  The conditioned rewarding effects of MDMA  were
weaker, serotonin levels in the striatum and cortex were lower,
the expression of CB1R in the hippocampus was  more marked,
and levels of circulating leptin tended to be higher in adolescent
MA-treated animals.
Females
d Non-deprived Maternally deprived
394 ± 30 445 ± 31#
214 ± 10* 260 ± 14$
407 ± 10 385 ± 21
108 ± 7* 93 ± 8b
182 ± 15 174 ± 17
176 ± 7 162 ± 15
ue. ANOVA (p < 0.05), b significant overall effect of maternal deprivation. Post hoc
5 vs non-deprived females.
A. Llorente-Berzal et al. / Toxicology 311 (2013) 78– 86 83
Fig. 4. CB1 receptor expression within the hippocampus. (A) Representative West-
ern blot immunoassay of CB1 receptor protein from whole tissue homogenates
in  the different experimental groups. All animals were administered with MDMA
(2.5  mg/kg). Bands correspond with the 23 kDa CB1 receptor protein. Blots were
reprobed with anti- actin to ensure accurate protein load. All wells were loaded
with 20 g of protein. (B) Quantification of CB1 receptor. Histograms (mean ± SEM)
represent the percentage of the relative change in the blots’ optical density with
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oespect to the male control group. Co: control; MD:  maternal deprivation. N = 6 per
xperimental group.
ale MD  rats than in male non-deprived rats. No differences were
bserved between MD and non-deprived females with respect to
hese parameters. No significant effects of MD on corticosterone
evels or emotional behaviour were observed. Sex-differences were
bserved in the CPP paradigm during adolescence irrespective of
hether or not there had been neonatal manipulation (female rats
id not show MDMA-induced CPP). Moreover, in accordance with
revious studies, females exhibited less anxiety-related behaviours
n the open field and lower leptin (Llorente et al., 2011; Viveros
t al., 2010b) and higher corticosterone levels (Llorente et al., 2007)
han males during adulthood.
ig. 5. Corticosterone levels. Histograms represent the mean ± SEM of plasma cor-
icosterone levels (ng/ml). All animals were administered with MDMA (2.5 mg/kg).
o:  control; MD:  maternal deprived. ANOVA (p < 0.05), (a) significant overall effect
f  sex.Fig. 6. Leptin levels. Histograms represent mean ± SEM of plasma leptin levels
(ng/ml). All animals were administered with MDMA  (2.5 mg/kg). Co: control; MD:
maternal deprived. ANOVA (p < 0.05), (a) significant overall effect of sex.
There is evidence that in adult rodents MD  reduces sensitivity
to the reinforcing effects of stimulants, and generally more so in
males (Campbell and Spear, 1999; Matthews et al., 1999; Moffett
et al., 2006). Our results support this idea, since the conditioned
rewarding effects of MDMA  were less pronounced among adoles-
cent male MD  rats. Although adolescence is a period of enhanced
sensitivity to drugs of abuse (Schramm-Sapyta et al., 2009), the
long-term effects of maternal separation/deprivation on vulnera-
bility to drugs of abuse in adolescent rodents have been addressed
by only two studies. Adolescent male rats separated for 3 h daily on
PND 2–14 did not show changes in the susceptibility to metham-
phetamine CPP (Faure et al., 2009). Conversely, adolescent male
mice experiencing a single episode of MD (24-h long between PND
12 and PND 13) exhibited impaired motivation for cocaine self-
administration (Martini and Valverde, 2012). In particular, the time
required for achieving the acquisition of self-administration was
significantly longer and the breaking point values in a progres-
sive schedule were significantly lower among MD adolescent mice.
Moreover, MD  animals also displayed anxiety- and depressive-like
behaviours and lower brain-derived neurotrophic factor (BDNF)
levels in the amygdala and hippocampus, brain structures related
to emotional and cognitive processes. On the basis of their results,
the authors of that study argued that MD may lead to the develop-
ment of anhedonia, which in turn could be related with impaired
motivation for cocaine consumption (Martini and Valverde, 2012).
Our results add to this line of evidence, demonstrating for the first
time that MD  impairs the rewarding effects of MDMA  in adoles-
cent male rats. Interestingly, we have previously reported that
adolescent rats submitted to our MD  protocol exhibit lower lev-
els of hippocampal BDNF (Marco et al., 2012) and depressive-like
behaviour in the forced swim test (Llorente et al., 2007). In the
present study, we  have not observed long term effects of MD  on
emotional-like behaviours in MDMA-treated rats in the open field,
which is in line with the lack of effect on circulating corticosterone
levels.
Interestingly, MD males, in which the rewarding effect of MDMA
was  less marked, had lower striatal and cortical 5-HT levels than
non-deprived males in adulthood. As in the CPP, these effects
were sex-dependent, as no changes were observed in females.
These results are in accordance with those of previous studies
in our laboratory that revealed diverse sexual dimorphisms in
the effects of MD,  with males proving to be more vulnerable
to this neonatal stressful event (Llorente et al., 2011; Llorente-
Berzal et al., 2012; Viveros et al., 2009). Brain serotonin systems
have been associated with the rewarding effects of MDMA,  and
serotonin antagonists block MDMA-induced CPP (Bilsky and Reid,
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991). Moreover, MDMA  acts primarily by releasing 5-HT from pre-
ynaptic 5-HT terminals (Schmidt et al., 1987), which eventually
eads to a persistent loss of brain serotonergic neuron functioning
nd a reduction in 5-HT and 5-HIAA levels (Battaglia et al., 1987;
arkar and Schmued, 2010). Previous studies have shown that dif-
erent protocols of maternal separation can induce alterations in
rain serotonergic systems, such as decreased 5-HT levels in the
entral striatum (Kosten et al., 2004), increased hippocampal 5-
T1A and 5-HT1B receptors and cortical 5-HT2 receptors and lower
evels of 5-HT1A receptors in the raphe nuclei (Vázquez et al., 2002),
nd higher SERT levels in the amygdala (Vicentic et al., 2006). It is
ikely that the reduction of cortical and striatal 5-HT levels observed
n MD  males in the present study was functionally related to the
ltered MDMA-induced CPP in these animals.
In the present study, we choose to assess CB1 receptor expres-
ion in the hippocampus, since it has been demonstrated that
hronic treatment with MDMA  increases CB1 receptor expression
n this brain structure (Nawata et al., 2010) and that hippocam-
al CB1 receptors play a role in the acquisition of CPP (Zarrindast
t al., 2007). Moreover, we  have previously shown that MD  induces
 decrease in CB1R expression in the hippocampus (López-Gallardo
t al., 2012; Suárez et al., 2009). Here, we observed that expression
f the hippocampal CB1 cannabinoid receptor is more pronounced
n MD-males when compared to non-deprived males. The higher
evels of hippocampal CB1R in MD  males can be a consequence of
unctional interactions between MD  and MDMA  in this sex. It would
eem that MD  induces long-term changes in the endocannabinoid
ystem of males, which are reflected in an altered response of this
ystem to adolescent MDMA  administration. It can be hypothesized
hat the down-regulation of CB1R and cannabinoid system induced
y MD  induces compensatory changes that make male rats more
ensitive to the effects of MDMA  administration on hippocampal
B1R expression. Since the cannabinoid system plays a role in the
ewarding effects of MDMA  (Braida et al., 2005; Daza-Losada et al.,
011; Manzanedo et al., 2010), it can be speculated that the increase
f CB1R in MD  males is related with the lack of MDMA-induced CPP
n these animals. However, the molecular mechanisms underlying
hese effects cannot be fully explained at this moment. One possi-
ility is that the overexpression of CB1R undermines the rewarding
ffects of MDMA;  previous results obtained by our group showed
hat stimulation of CB1R with a high dose of the CB1 agonist WIN
5212-2 reduced MDMA-induced CPP in mice (Manzanedo et al.,
010). Moreover, mice treated with MDMA  plus WIN  55212-2 dis-
layed lower levels of cortical 5-HT, an effect that could also be
elated with the lack of rewarding effects of MDMA.  Interestingly,
e have observed a decrease in cortical 5-HT in MD  male rats in
he present study. We  cannot rule out that the increase in hip-
ocampal CB1R affected learning and memory in the animals. It
s possible that MD  rats conditioned with MDMA  have learning
eficits that interfere with the acquisition of CPP. A recent study
emonstrated that withdrawal from MDMA  induces an impairment
f recognition memory in rats, which may  result from the activation
f CB1R in the hippocampus (Nawata et al., 2010). Recent studies
ndicate the existence of an interaction between endocannabinoid
nd serotonin systems, with endocannabinoids suppressing exci-
atory synaptic transmission to dorsal raphe serotonin neurons
hrough the activation of presynaptic CB1 receptors (for a review,
ee Haj-Dahmane and Shen, 2011). Thus, the decrease in sero-
onin levels in male deprived rats could have been related with
he increase in the expression of CB1 receptors observed in these
nimals.
We also evaluated leptin levels, since it has been demonstrated
hat leptin receptors are expressed in extrahypothalamic sites that
re important in modulating reward and addiction, including DA
eurons of the ventral tegmental area projecting to the nucleus
ccumbens (Fulton et al., 2006). We  have observed a strong trendlogy 311 (2013) 78– 86
towards elevated circulating leptin levels in MDMA-treated MD
males when compared to non-deprived males. This effect cannot
be exclusively attributed to our MD protocol, since we have pre-
viously seen how it induces a long-lasting reduction of circulating
leptin levels (Viveros et al., 2010a, 2010b, 2009). Body weight is
reduced during adolescence (Llorente et al., 2011; Llorente-Berzal
et al., 2011) but not during adulthood (Viveros et al., 2010b). On
the other hand, Kobeissy et al. (2008) reported that acute MDMA
administration induced a short-term decrease of circulating leptin
levels. However, the long-term consequences of MDMA  treatment
on this hormone have not been studied. Our results suggest that
the combination of both MD and MDMA  treatment cause functional
interactions which are responsible for the slight increase in leptin
levels in MD males. Moreover, since leptin appears to reduce the
motivation to acquire rewards (Davis et al., 2011), it can be spec-
ulated that its increase in MD  males receiving MDMA  is related to
the lack of CPP in these animals.
Sex-differences were also observed among non-maternally
deprived rats in the rewarding properties of MDMA,  open field
behaviour and hormone levels under the present conditions. Firstly,
the dose of MDMA  we  used induced CPP in males but not in females.
A number of reports have shown that MDMA induces CPP in male
mice (Daza-Losada et al., 2011, 2007; Manzanedo et al., 2010) and
rats (Bilsky and Reid, 1991; Braida et al., 2005; Catlow et al., 2010;
Cole and Sumnall, 2003; Schechter, 1991). However, we are not
aware of any study to have tested the rewarding effects of MDMA
in female rats in the CPP paradigm. Previous data obtained with
other psychostimulants such as cocaine or amphetamine suggest
that females are more sensitive to these drugs than males (Segarra
et al., 2010; Silverman and Koenig, 2007). Conversely, in the present
study we  observed that MDMA  did not induce CPP in adolescent
female rats at a dose that was effective in their male counterparts.
It is important to note that we  used a low dose of MDMA  with
the objective of determining whether or not MD  would induce
changes in the rewarding effects of this drug. If we had used a
larger dose, female rats would probably have developed CPP, but we
do not believe that we  would have observed differences between
rats with and without MD  (both showing CPP). In line with our
results, pubescent males have been shown to be more sensitive
than females to the locomotor and hyperpyretic effects of MDMA,
which contrasts with previous reports of dimorphisms in the effects
of other psychostimulants (Koenig et al., 2005). According to one
explanation given by Koenig et al. (2005), the higher sensitivity of
adolescent males could be due to a transient overproduction of D1
and D2 receptors. Andersen et al. (1997) reported that between
PND 25 and PND 40, the production of striatal D1 and D2 recep-
tors increased by 65% and 144%, respectively, in males (vs 35%
and 31% in females). Sex differences in the pharmacokinetics of
MDMA  (Fonsart et al., 2009) could also contribute to the fact that
our females did not show MDMA-induced CPP. Sex differences
have also been reported in the human response to MDMA,  with
female users showing more negative effects than males (Liechti
et al., 2001; Verheyden et al., 2002). Our results suggest that males
experience more positive effects after MDMA consumption than
their female counterparts, which may  explain the higher levels of
consumption among adolescent and young males. Secondly, in the
open field, males spent more time in the periphery and showed
less rearing (vertical activity, exploration) than females. Rats dis-
play thigmotaxis – they tend to ambulate close to the walls of
the apparatus since they have an aversion to open spaces – and
increased thigmotaxis is thought to be indicative of enhanced emo-
tionality (Gray, 1987; Valle and Bols, 1976). The present findings
are in accordance with most of the literature regarding sex differ-
ences in the open field, which indicate that female rats are more
active and show less “emotionality” than males (Gray, 1987; Kokras
et al., 2012). It is improbable that the effects observed were due
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o a residual effect of MDMA,  since this drug had been adminis-
ered 20 days before the open field test was performed. Moreover,
n contrast to the greater thigmotaxis observed in males in our
tudy, acute MDMA  increased thigmotaxis in females (Pálenícek
t al., 2005). Thirdly, females showed higher levels of corticosterone
han males, a sex-difference which is also repeatedly reported in
he literature (Llorente et al., 2011; Llorente-Berzal et al., 2011;
itsushima et al., 2003; Viveros et al., 2010a, 2010b). Fourthly,
ur males exhibited higher plasma leptin levels than their female
ounterparts, which once again confirm previous data supporting
he same type of sex differences regarding this hormone in rats
Llorente et al., 2011; Llorente-Berzal et al., 2011; Viveros et al.,
010a, 2010b). Sex differences in leptin levels are likely to reflect
he actions and interactions of sex steroids (oestrogen and testos-
erone), but how such effects are mediated is still unclear (Smith
nd Waddell, 2003; Viveros et al., 2010b). Leptin and corticosterone
hanges were sex-dependent but were not affected by maternal
eprivation. Females showed less rewarding effects after MDMA
nd less emotionality in the open field and presented lower lep-
in and higher corticosterone levels than males. It is possible that
ower leptin levels in females contributed to their lack of response
o MDMA  in the CPP paradigm, since it has been reported that mice
ithout leptin receptors show a diminished locomotor response
o amphetamine and do not develop locomotor sensitization after
epeated amphetamine administration (Fulton et al., 2006). Con-
ersely, the higher corticosterone levels in females do not seem
o be related with a reduction in the rewarding effects of MDMA,
ince corticosterone administration can facilitate the acquisition
f amphetamine self-administration (Piazza et al., 1991). Similarly,
hanges in leptin or corticosterone levels observed in females do
ot seem to contribute to their lower emotionality in comparison
o males in the open field.
In conclusion, the present data demonstrated for the first time
hat MD  induces sex-dependent behavioural and neurochemical
lterations in MDMA-treated adolescent rats, with males show-
ng themselves to be more sensitive to MD  than females. MD
lters the MDMA  CPP in adolescent males, which may be at least
artially related with an alteration in the way their serotoner-
ic and cannabinoid systems function. These sexual dimorphisms,
s well as those described in non-MD animals, could be related
o the organizational and activational effects of gonadal steroids
Viveros et al., 2011, 2009), though pharmacokinetic factors cannot
e ruled out. The results of the present study suggest that a sin-
le 24 h episode of MD  on PND 9 have a long-term sex-dependent
mpact on the neurobiological substrates of brain reward. The evi-
ence of decreased MDMA  CPP in adolescent male rats with a
istory of MD  support the hypothesis that exposure to early life
tress induces long-term changes in vulnerability to addiction in
umans. Impairment of the reward system during adolescence
an have significant consequences in terms of drug use and the
ubsequent development of addiction, since subjects experienc-
ng reduced levels of reward in baseline conditions or after drug
onsumption may  increase their consumption in order to achieve
oticeable rewarding effects (Bruijnzeel et al., 2004; Leventhal
t al., 2010). Moreover, greater drug consumption during adoles-
ence has been repeatedly associated with enhanced vulnerability
o the development of drug addiction (Chambers et al., 2003;
rews et al., 2007). Gender and early life challenges are both
actors that can modify the extent to which MDMA  induces
ewarding effects and provokes dependence, and should both be
onsidered when treating individuals who develop MDMA-related
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RESULTADOS PRINCIPALES Y CONCLUSIONES PARCIALES 
 
Este estudio proporciona la primera evidencia de que un solo episodio de SM de 
24 horas a DP 9 produce alteraciones sexo-dependientes en los efectos conductuales y 
neuroquímicos de la exposición adolescente a MDMA. 
Sólo los machos controles mostraron CPP tras la administración de MDMA, 
mientras que la droga no indujo CPP ni en los machos sometidos a SM ni en ningún 
grupo de hembras. Los presentes resultados demuestran por primera vez que la SM 
causa una alteración en los efectos gratificantes de la MDMA en ratas macho 
adolescentes. En la etapa adulta, los machos SM, mostraron unos niveles menores de 
serotonina que los machos no-SM en el estriado y la corteza. Como en el CPP, estos 
efectos fueron sexo-dependientes, puesto que no se observaron cambios en las hembras. 
Es posible que la reducción de los niveles de serotonina en la corteza y el estriado 
observada en los machos SM del presente estudio esté funcionalmente relacionada con 
la respuesta alterada del CPP inducida por MDMA en estos animales. La expresión de 
los receptores cannabinoides CB1 en el hipocampo fue mayor en los machos SM que en 
los machos no-SM. En el capítulo anterior vimos cómo nuestro protocolo de SM 
producía una disminución significativa de la expresión de receptores CB1 hipocampales 
en animales adultos. Los mayores niveles de receptores CB1 hipocampales hallados en 
el presente estudio podrían por tanto deberse a interacciones funcionales entre la SM y 
la MDMA en este sexo. La sobreexpresión de receptores CB1 en los machos SM podría 
relacionarse con el debilitamiento de los efectos gratificantes de la MDMA. Sin 
embargo, no podemos excluir que el incremento de los receptores CB1 hipocampales 
haya podido afectar al aprendizaje y a la memoria de los animales y que haya interferido 
con la adquisición de la CPP.  
Hemos observado una fuerte tendencia hacia un aumento de los niveles 
circulantes de leptina en animales macho SM con respecto a los machos no-SM 
(recordemos que todos los animales de este estudio fueron expuestos a la MDMA). 
Nuestros resultados sugieren que la combinación de ambos, la SM y un tratamiento con 
MDMA causa interacciones funcionales que son responsables de este pequeño aumento 
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de los niveles de leptina ya que como vimos en el capítulo anterior, la SM, per se 
produce una disminución a largo plazo de los niveles circulantes de esta hormona aún 
observables durante la etapa adulta.  
Refiriéndonos ahora a los dimorfismos sexuales observados en los animales no-
SM, se encontraron diferencias sexuales en el paradigma de la CPP durante la 
adolescencia (las ratas hembra no mostraron CPP inducida por MDMA a la dosis 
estudiada, mientras que sí lo hicieron los machos). Además, las hembras mostraron 
menos conductas relacionadas con ansiedad en el campo abierto (los machos pasaron 
más tiempo en la periferia e hicieron menos rearing (actividad vertical, exploración). A 
nivel endocrino, las hembras tuvieron menores niveles de leptina y mayores 
concentraciones de corticosterona que los correspondientes machos. Estos últimos datos 
referidos a diferencias sexuales en emotividad/ansiedad, así como en relación a niveles 
circulantes de las hormonas estudiadas, coinciden plenamente con anteriores estudios de 
otros autores y de nuestro propio grupo en animales no sometidos a ningún tratamiento 
(que serán citados en la discusión general), lo que demuestra que la exposición a 
MDMA de los animales de este estudio durante la adolescencia no fue capaz de anular 
estas diferencias debidas al sexo. 
En conclusión, los presentes datos demuestran por primera vez que nuestro 
modelo de SM es capaz de modular los efectos conductuales y neuroquímicos inducidos 
por la exposición a MDMA en ratas adolescentes, siendo los machos más sensibles a la 
SM que las hembras. La SM altera el CPP producido por la MDMA en machos 
adolescentes, lo que podría, al menos parcialmente, relacionarse con las alteraciones en 
el funcionamiento de los sistemas serotoninérgico y endocannabinoide en estos 
animales. 
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Efectos a largo plazo de la administración de cocaína durante el 
período periadolescente sobre receptores cannabinoides CB1 y CB2 en 
un modelo animal de separación materna temprana en ratas de ambos 
sexos. 
 
En los últimos años ha habido un aumento de la literatura que demuestra la 
relación entre la exposición a un agente estresante en periodos tempranos de la vida y la 
aparición de los síntomas clínicos de enfermedades psiquiátricas (Heim y Nemeroff, 
2001; Afifi et al., 2008), incluyendo la adicción a drogas (Enoch, 2011), y respuestas 
inmunes desequilibradas (Bellinger et al., 2008). De manera similar, en modelos de 
roedores, se han descrito secuelas conductuales, neuroendocrinas e inmunológicas 
perjudiciales como consecuencia a largo plazo de un estrés en un periodo temprano de 
la vida. De hecho, se ha visto que la separación materna (SM) temprana en ratas, un 
único episodio de separación de la madre durante 24 h a día postnatal (DP) 9, provoca 
una desregulación de la reactividad al estrés y de la función inmune (De la Fuente et al., 
2009; Viveros et al., 2009; Llorente et al., 2007) junto con alteraciones conductuales 
que se asemejan a una sintomatología de tipo depresivo y psicótico (Marco et al., 2009; 
Ellenbroek et al., 2005). Además, se ha demostrado que el estrés, y también la SM, 
afecta significativamente a las respuestas conductuales a diferentes drogas de abuso, 
incluyendo la cocaína (Miczek et al., 2008; Sinha, 2008).  
La cocaína es una droga estimulante con importantes propiedades adictivas 
(Nnadi et al., 2005; Büttner et al., 2003). Se ha visto que la cocaína produce un aumento 
de la actividad locomotora (Carey et al., 2005), y los cocainómanos normalmente sufren 
de importantes alteraciones inmunológicas (Fox et al., 2012; Cabral, 2006). 
Actualmente, el abuso de cocaína es particularmente elevado entre jóvenes adultos, 
cuya proporción de consumo fue en 2010 del 1,5% (SAMHSA, 2011). A pesar del 
aumento de la tasa de consumo de cocaína entre los jóvenes, los estudios con animales 
apenas han investigado las consecuencias a largo plazo de la exposición a cocaína 
durante la adolescencia. 
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El sistema endocannabinoide (SEC) es un sistema de señalización lipídico y 
retrógrado que actúa principalmente a través de la activación de receptores 
cannabinoides acoplados a proteínas G, con distintas propiedades farmacológicas y 
patrones de distribución, i.e. los receptores cannabinoides CB1 y CB2. El receptor CB1 
es predominante en el sistema nervioso central, con una presencia abundante en 
regiones cerebrales involucradas en el procesamiento emocional, la motivación, la 
activación motora y la función cognitiva (Mackie, 2005). En cambio, el receptor CB2 ha 
sido clásicamente ubicado en tejido inmune periférico (Pacher y Mechoulam, 2011; 
Atwood y Mackie, 2010).  
Se ha visto que la exposición a un estrés durante periodos tempranos del 
desarrollo puede alterar el normal desarrollo del SEC. En particular, la SM causó un 
incremento significativo del contenido de 2-araquidonilglicerol (2-AG), uno de los 
principales ligandos del SEC (Llorente et al., 2008), posiblemente mediante la 
alteración de la expresión de las enzimas responsables de su metabolismo (Suárez et al., 
2010). De manera similar, se ha sugerido que el SEC podría estar involucrado en alguno 
de los efectos neuroconductuales de la cocaína (Parolaro y Rubino, 2008). El bloqueo 
genético y farmacológico de los receptores CB1 produjo una disminución de la 
motivación de los animales por la autoadministración de cocaína (Xi et al., 2008; Soria 
et al., 2005) y también se ha visto que los receptores CB1 actúan sobre la 
sensibilización locomotora inducida por esta droga (Corbille et al., 2007). Además, se 
ha implicado a los receptores CB1 en el fenómeno de recaída a la cocaína (Xi et al., 
2006; De Vries et al., 2001). Es más, la exposición crónica a cocaína durante la edad 
adulta causó una disminución de los niveles de ARNm del receptor CB1 en ciertas 
regiones cerebrales, i.e. el núcleo ventromedial del hipotálamo y la corteza cerebral 
(González et al., 2002b) al igual que una modesta reducción de los niveles de 2-AG en 
el sistema límbico del prosencéfalo (González et al., 2002a).  
En vista de lo anteriormente expuesto, resulta de gran interés analizar las 
consecuencias a largo plazo de un estrés en etapas tempranas de la vida sobre el SEC y 
las posibles interacciones con la exposición adolescente a cocaína. Por tanto, en el 
presente estudio quisimos investigar los efectos a largo plazo de la SM temprana en 
combinación con la exposición adolescente a cocaína sobre la expresión y la 
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funcionalidad del receptor CB1 en el cerebro al igual que sobre la expresión del receptor 
CB2 en el tejido inmune. Dado que se han descrito importantes diferencias sexuales 
relacionadas con el estrés durante periodos tempranos del desarrollo (Viveros et al., 
2009) al igual que en relación al patrón de consumo de cocaína (SAMHSA, 2011) y sus 
efectos (Anker et al., 2011), analizamos en este estudio el efecto del factor sexo en 
todos los experimentos. 
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Early  life  stress  has  been  associated  with  several  psychiatric  disorders,  including  drug  addiction.  Actually,
maternal  deprivation  (MD)  alters  the  endocannabinoid  system,  which  participates  in  motivation  and
reward  for  drugs,  including  cocaine.  At  youth,  the  rate of  cocaine  abuse  is  alarmingly  increasing.  Herein,
we  have investigated  the  consequences  of  MD  and/or  adolescent  cocaine  exposure  in brain  CB1Rs  and
CB2Rs  in  immune  tissues.  Control  and  maternally  deprived  (24 h on postnatal  day, pnd,  9)  male  and
female  Wistar  rats  were  administered  cocaine  (8 mg/kg/day)  or saline  during  adolescence  (pnd  28–42).  At
adulthood,  [3H]-CP-55,940  autoradiographic  binding  was  employed  for the  analysis  of  CB1R  density  and
CP-55,940-stimulated  [35S]-GTPgammaS  binding  for CB1R  functionality;  CB2R  expression  was  analyzed
by  Western  blotting.  Sex  differences  in  CB1R  expression  and  functionality  were found,  and  MD  induced
important  and  enduring  sex-dependent  changes.  In  addition,  the  plastic  changes  induced  by  adolescent
cocaine  administration  in  brain  CB1Rs  were  differentially  influenced  by early  life  events.  MD  increased
spleen  CB2R  expression  while  adolescent  cocaine  administration  attenuated  this  effect;  cocaine  exposure
also diminished  CB2R  expression  in  bone  marrow.  Present  findings  provide  evidence  for  changes  in  brain
CB1R  expression  and  functionality  and  immune  CB2R expression  as  a consequence  of early  life  stress
and  adolescent  cocaine  exposure,  and  indicate  functional  interactions  between  both  treatments,  which
tweein many  regions  differ  be
. Introduction
Early life stress has been extensively associated with adverse
hysical and emotional outcomes that occur later in life. Increasing
iterature provides evidence for a link between the exposure to
arly life stressors and the appearance of clinical symptoms of psy-
hiatric disorders [1,2], including drug addiction [3], and maladap-
ive immune responses [4]. Similarly, in rodent models, detrimental
ehavioral, neuroendocrine and immunological sequels have been
escribed as long-lasting consequences of early-life stress.
 Perspective articles contain the personal views of the authors who, as experts,
eflect on the direction of future research in their field.
∗ Corresponding authors at: Departamento de Fisiología (Fisiología Animal II),
acultad de Ciencias Biológicas, Universidad Complutense de Madrid, Ciudad Uni-
ersitaria, C/ José Antonio Novais n◦ 2, 28040 Madrid, Spain.
el.: +34 913944993/4939; fax: +34 913944935.
E-mail addresses: pazviver@bio.ucm.es, emmarco@bio.ucm.es (M.-P. Viveros).
043-6618/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.phrs.2013.05.001n  males  and  females.
© 2013 Elsevier Ltd. All rights reserved.
Actually, early maternal deprivation (MD) in rats, a single 24 h
episode of mother-litter separation on early postnatal days, has
been reported to provoke a deregulation of stress reactivity and
immune function together with behavioral alterations that resem-
ble depressive- and psychotic-like symptoms [5–8]. In addition,
stress, and also MD,  has been demonstrated to significantly affect
behavioral responses to different drugs of abuse, including cocaine
[9,10]. Cocaine is a potent stimulant drug with highly addictive
properties [11,12] that also provokes important immunological
alterations among abusers [13,14]. At present, cocaine abuse is
particularly high among young adults, whose rate of cocaine
consumption was  1.5% in 2010 [15]. Despite the increasing rate
of cocaine consumption in the juvenile population, animal studies
have scarcely investigated the long-term consequences of cocaine
administration during adolescence.The endocannabinoid (eCB) system is a retrograde lipid
signaling system which mainly acts through the activation of
G-protein-coupled cannabinoid receptors, with different pharma-
cological properties and distribution patterns, i.e., cannabinoid
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eceptor type 1, CB1R and type 2, CB2R. CB1R is predominant
ithin the central nervous system, with an abundant presence
n brain regions involved in emotional processing, motivation,
otor activation and cognitive function [16]. In contrast, CB2R has
een classically located in peripheral immune tissues mediating
mmunosuppression [17]. Exposure to early life stress influence
CB system development. In particular, MD significantly increased
he content of 2-arachidonyl glycerol (2-AG), one of the main
ndogenous ligands [18], possibly by altering the expression of
he enzymes responsible for its metabolism [19]. Similarly, the
CB system seems to underlie some of the neurobehavioral effects
f cocaine [20]. Genetic and pharmacological blockade of CB1Rs
ecreased animals’ motivation for cocaine self-administration
21,22], CB1Rs appear to mediate cocaine-induced locomotor sen-
itization [23], as well as cocaine relapse [24,25]. Moreover, chronic
ocaine exposure during adulthood induced a decrease in CB1R
RNA levels in certain brain regions, i.e., ventromedial hypothala-
ic  nucleus and cerebral cortex [26] as well as a modest reduction
f 2-AG content within the limbic forebrain [27]. Great interest and
oncern on the investigation of the long-lasting affection of the
CB system due to early life stress and adolescent cocaine expo-
ure has arisen. Therefore, we investigated the long-term effects
f early MD  in combination with adolescent cocaine exposure on
rain CB1R expression and functionality as well as CB2R expres-
ion in immune tissues. Since remarkable sex differences have
een described regarding the consequences of early life stress
28,29] and also in relation to cocaine consumption patterns [15]
nd effects [30], male and female animals were considered in the
resent study.
. Materials and methods
Experiments were approved by the local Animal Ethics Commit-
ee, and were designated and performed in compliance with the
oyal Decree 1201/2005, October 21, 2005 (BOE n◦ 252) about pro-
ection of experimental animals, and the European Communities
ouncil Directive of 24 November 1986 (86/609/EEC).
.1. Animals
Wistar albino rats of both sexes were used. Subjects were
he offspring of rats purchased from Harlan Interfauna Ibérica
.A. (Barcelona, Spain) mated (one male × two females) approxi-
ately 2 weeks after their arrival. All animals were maintained at
onstant conditions of temperature (22 ± 2 ◦C) and humidity
50 ± 2%) in a reverse 12 h dark/light cycle (lights on at 08.00 p.m.),
ith free access to food (A04/A03; Safe, Augy, France) and water.
n the day of birth (pnd 0), litters were culled and sex balanced
o eight pups per dam (four males and four females). At weaning
pnd 22), animals were housed in groups of four siblings of the
ame sex per cage.
.2. Maternal deprivation
Maternal deprivation (MD) was performed as previously
escribed [31]. In brief, dams from the MD  group were removed
rom their home cages at pnd 9 (09.00 a.m.) leaving rat pups by
heir own for 24 h. On pnd 10 (09.00 a.m.), dams were placed back
n their corresponding home-cage. Dams from the control group
ere briefly removed from their home-cages on pnd 9 and 10 to
imic  the manipulation submitted to the experimental group..3. Pharmacological treatment
Cocaine hydrochloride (Alcaliber, Madrid, Spain) was dissolved
n saline (0.9%) at a final concentration of 4 mg/ml. Given thegical Research 74 (2013) 23– 33
critical period selected for drug administration (adolescence),
and the schedule of drug administration (15 consecutive days), a
moderate dose of cocaine, previously reported in literature [32],
was selected. In brief, rats received daily intraperitoneal injections
of cocaine (Coc, 8 mg/kg), or saline (Sal), at a volume of 2 ml/kg,
during adolescence (from pnd 28 to 42).
2.4. Experimental design
Rats were assigned to eight experimental groups (8–16 animals
per group) according to (i) sex (males or females), (ii) neona-
tal manipulation (control or MD)  and (iii) adolescent cocaine
administration (Sal or Coc). Animals’ body weight was registered at
both pnd 9 and 10 to control for maternal deprivation effects. There-
after, body weight was  registered daily from pnd 27 to 42 to inves-
tigate cocaine effects during treatment; and from pnd 50 to 60 to
study cocaine withdrawal effects on body weight gain. Body weight
before pharmacological treatment (drug-free state, on pnd 27) was
used as the reference value to calculate the percentage of body
weight gain for each animal. Once finished the experimental pro-
cedures – except for body weight control – animals were left undis-
turbed and sacrificed by decapitation on pnd 85. Brains were rapidly
removed, as well as immune tissues (spleen, thymus and bone
marrow), samples were flash frozen in dry ice and stored at −80 ◦C.
2.5. Autoradiographic-binding studies
Brain coronal sections (20 m thick) were cut on a cryostat and
thaw-mounted on gelatin-coated slides. Sections were then stored
at −80 ◦C until they were processed for autoradiographic-binding
studies.
2.5.1. [3H]CP-55,940 receptor autoradiographic-binding
Slides were brought to room temperature, then incubated for
2.5 h at 37 ◦C with10 nM [3H]CP-55,940 (Perkin Eilmer Life Sciences,
Milan, Italy) in binding buffer (50 mM Tris–HCl, pH 7.4, 5% BSA).
Adjacent cerebral sections were incubated in parallel with 10 M
CP-55,940 to assess non-specific binding. Sections were washed
for 1 h at 4 ◦C in 50 mM  Tris–HCl, pH 7.4, 1% BSA buffer and again
for 3 h in the same conditions. They were then dipped in 50 mM
Tris–HCl buffer (pH 7.4, 5 min) to remove excess BSA, dipped 5 min
in distilled water and dried under a cool air stream. Autoradiograms
were generated by exposing the dried sections for 14 days to Kodak
Biomax MR films (Perkin Elmer Life Sciences, Milan, Italy).
2.5.2. CP-55,940-stimulated [35S]GTPS binding in
autoradiography
Slides were incubated in assay buffer (50 mM Tris–HCl, 3 mM
MgCl2, 0.2 mM EGTA, 100 mM NaCl, 10 mU/adenosine deaminase,
0.1% BSA, pH 7.4) at 25 ◦C for 10 min  and then in 3 mM GDP in assay
buffer at 25 ◦C for 15 min. They were then transferred to assay buffer
containing 3 mM GDP and 0.04 nM [35S]GTPgammaS with (stimu-
lated) or without (basal) 5 M CP-55,940 and incubated at 25 ◦C for
2 h. Slides were rinsed twice in 50 mM cold Tris–HCl buffer (pH 7.4)
and once in deionised water, dried, and exposed to Kodak Biomax
MR films (Perkin Elmer Life Sciences, Milan, Italy) for 48 h.
2.5.3. Image analysis
Autoradiographic film intensity was assessed by measuring
gray levels with an image analysis system consisting of a scanner
connected to a PC running Microsoft Windows. Images were ana-
lyzed using Image-Pro Plus 5.0 (Media Cybernetics, Silver Spring,
USA). Each cerebral area was  traced with the mouse cursor con-
trol using the Paxinos and Watson [33] atlas as reference and the
light transmittance was determined as the gray level. Gray level
of densitometric measurements calculated after subtraction of the
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lm background density was established within the linear range,
etermined using tritium standards (3H Microscales, Amersham
harmacia Biotech, Milan, Italy) for receptor-binding studies and
5S standards made in the laboratory for [35S]GTPgammaS bind-
ng studies. For GTPgammaS autoradiography, agonist-stimulated
ctivity was calculated by subtracting the gray level in basal sec-
ions (GDP only) from that of agonist-stimulated sections and
esults were expressed as percentage of stimulation over basal
ctivity.
.6. CB2R immunoblotting
Membrane extracts of spleen, thymus and bone marrow were
repared as previously described [34]. Briefly, immune tissues were
omogenized in HEPES 50 mM (pH 8)-sucrose 0.32 M buffer with
rotease inhibitor cocktail (Complete EDTA-free, Roche, Manheim,
ermany), and phosphatase inhibitor cocktail (PhosSTOP, Roche,
anheim, Germany). Homogenates were centrifuged at 800 × g
10 min  at 4 ◦C) and supernatant centrifuged at 40,000 × g (30 min
t 4 ◦C) to obtain the membrane fraction. Pellets were re-suspended
n HEPES 50 mM (pH 8) buffer and homogenized.
For immunoblotting, equivalent amounts of membrane pro-
eins (30 g) from immune tissues homogenates were separated
y 10% sodium dodecyl sulfate–polyacrylamide gel electrophore-
is (SDS–PAGE; Bio-Rad, Hercules, CA, USA) and electroblotted onto
olyvinilidene difluoride membranes (Hybond-P PVDF membrane;
mersham, GE Healthcare, Little Chalfont, Buckinghamshire, UK).
lots were pre-incubated with a blocking buffer containing TBS,
.1% Tween 20, and 5% non-fat powdered milk (pH 7.8) at room
emperature for 1 h, incubated overnight at 4 ◦C with appropri-
te primary antibodies and then, after two washes, incubated
ith peroxydase-conjugated secondary antibodies for 1 h at room
emperature. Biotinylated marker proteins with defined molecular
eights were used for molecular weight determination in Western
lots (Precision Plus protein Western C Standars, Bio Rad, Hercules,
A, USA). The corresponding markers lane was  incubated with
trep-Tactin peroxidase conjugated (Bio-Rad, Hercules, CA, USA).
he specific protein bands were visualized by using the enhanced
hemiluminescence kit ECL-Plus (Amersham, GE Healthcare, Little
halfont, Buckinghamshire, UK). Films (GE Healthcare, Little Chal-
ont, Buckinghamshire, UK) were exposed to the membranes and
eveloped for visualization of the immunoreactivity bands. Multi-
le exposures of each membrane were taken to ensure the linearity
f the immunoreactive bands, which were quantified by using
mageJ-software. Western Blots showed that each primary anti-
ody detected a protein of the expected molecular size. Herein, the
ntibodies used were: rabbit anti-rat CB2R (1:100) (Pierce Labora-
ories, Rockford, IL, USA), mouse anti-rat actin (1:10,000) (Sigma, St.
ouis, MO,  USA) goat anti-rabbit IgG (1:10,000) (Abcam, Cambridge,
K) and sheep anti-mouse IgG (1:10,000) (ECL, Amersham, Little
halfont, Buckinghamshire, UK). Noteworthy, thymus analysis of
B2R expression by Western blotting did not render any legible
and, possibly due to its low presence in this specific immune tissue
35,36], so data from thymus could not be quantified nor analyzed.
.7. Statistical analysis
A three-way analysis of variance (ANOVA) was  employed for
he analysis of CB1R density and functionality data, with main
actors being sex, neonatal manipulation and adolescent cocaine
dministration. Body weight data were analyzed with repeated
easures ANOVA. Normality and homocedasticity were assessed
ith Kolmogorov–Smirnov and Levene tests, respectively. When
ecessary, data were transformed to achieve normal distribution.
dditional two-way ANOVAs split by one of the independent fac-
ors were performed to further clarify the observed results. Post hocgical Research 74 (2013) 23– 33 25
comparisons using the Tukey test were performed with a level of
significance set at p < 0.05. Statistical analyses were carried out with
the SPSS 19.0 software package (SPSS Inc., Chicago, IL, USA). Though
the initial number of animals per experimental group was of 8–16,
due to technical and/or procedural reasons the number of data
and/or samples analyzed may  vary for the diverse parameters ana-
lyzed (see Table 2 and figure legends for additional information).
3. Results
3.1. Body weight gain
No differences in body weight were observed at the begin-
ning of the experiments (pnd 9) [Co-males, 21.8 ± 0.3 g and
MD-males, 22.0 ± 0.7 g; Co-females, 21.1 ± 0.3 g and MD-females,
21.0 ± 0.7 g]. However, as expected, the neonatal MD  protocol sig-
nificantly diminished body weight on the following day (pnd 10)
[F(1,74) = 28.98, p < 0.001] while sex differences were in the limit
of statistical significance [F(1,74) = 3.5, p = 0.07]. Control males and
females gained weight from pnd 9 to 10 (control males increased in
mean 1.7 ± 0.4 g and females 1.8 ± 0.4 g) whereas 24 h of MD  pro-
voked a significant weight loss in both male and female rats (MD
male lost in mean 0.8 ± 0.1 g and females 1.0 ± 0.2 g).
During the drug treatment, and afterwards, body weight gain
increased upon age [cocaine treatment, age: F(1.3, 90.3) = 2720.7,
p < 0.001 and cocaine withdrawal, age: F(2.4, 169.4) = 619.7,
p < 0.001] and a significant effect of sex were found [cocaine treat-
ment, sex: F(1,70) = 20.28, p < 0.001 and cocaine withdrawal, sex:
F(1,70) = 83.26, p < 0.001] with males growing at a higher rate than
females. Following cocaine withdrawal, a significant effect of the
neonatal condition [F(1,70) = 8.73, p < 0.005] as well as a signif-
icant interaction between the neonatal condition and the drug
treatment, i.e., adolescent cocaine administration [F(1,70) = 6.10,
p < 0.05]. Tukey Post hoc comparisons indicated that, among
females, growth rate significantly differed between Co-Coc and
MD-Coc animals at all the ages considered (p < 0.05), suggesting
an opposite effect of adolescent cocaine administration on body
weight gain depending upon the neonatal condition; earlier cocaine
administration reduced body weight gain after drug withdrawal in
control animals, while a subtle increase in body weight gain was
observed among MD animals (see Fig. 1).
3.2. Brain CB1R density and functionality
Statistical results from the three-way ANOVA of CB1R den-
sity and functionality data from each brain region are reported in
Table 1, and will be discussed in the already established order.
A general effect of sex was found for both CB1R density and
functionality within the ventral tegmental area (VTA, see Table 2
and Fig. 2A, respectively). CB1R density and activity was higher
among males when compared to females. Since significant inter-
actions between factors were also found when analyzing CB1R
functionality (see Table 1), a more in depth analysis was  per-
formed considering male and female animals separately. Among
males, a significant effect of the adolescent drug treatment was
revealed [drug effect, F(1,20) = 4.55, p < 0.05] together with a sig-
nificant interaction between the neonatal condition and the drug
treatment [F(1,20) = 12.35, p < 0.01]; post hoc comparisons revealed
a significant difference in CB1R functionality between Co-Sal and
Co-Coc in males (p < 0.01). In contrast, females’ CB1R functionality
seemed not to be modified by any of the treatments.Within the Nucleus Accumbens (NAcc, Table 2 and Fig. 2B) only
CB1R functionality was  affected (see Table 1). CB1R function-
ality was higher among females compared to males. Given the
significant interaction found between sex and neonatal condition
26 A. Llorente-Berzal et al. / Pharmacological Research 74 (2013) 23– 33
Fig. 1. Body weight gain of animals exposed to early life stress, maternal deprivation (MD, 24 h at pnd 9), or non-stressed (control, Co) and administered during adolescence
(from  pnd 28 to 42) with saline (Sal) or cocaine (Coc, 8 mg/kg/day). Figures (mean ± S.E.M.) represent the percentage of body weight gain referred to pnd 27 during the
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ignificant overall effect of sex. Tukey post hoc comparisons: @p < 0.05 vs. Co-Sal m
see Table 1), a further analysis revealed that the neonatal episode
ignificantly affected NAcc CB1R functionality exclusively among
ale animals [F(1,28) = 16.25, p < 0.001], provoking a decrease in
eceptors’ functionality.
For the amygdala, no changes in CB1R density were observed
Tables 1 and 2), but a significant effect of the sex condition
ppeared for CB1R functionality (Table 1). Amygdala CB1Rs were
ore active in females compared to males (Fig. 2C). Notably, a
ignificant interaction between neonatal condition and drug treat-
ent also appeared, indicating that cocaine administration only
ffected MD  animals (not controls) by decreasing CB1R net stimu-
ation (Fig. 2C).
Significant sex effects appeared for both CB1R density and
unctionality within the hippocampus (Table 1). In females, CB1R
xpression was slightly lower (Table 2) while CB1R activity
ppeared to be markedly increased when compared to male
nimals (Fig. 2D). Regarding CB1R density, a significant interac-
ion between conditions was revealed, and post hoc comparisons
ndicated a significant difference between Co-Coc and MD-Coc
p < 0.01) among male animals, and the same trend although
ot significant was observed among females; adolescent cocaine
dministration in control animals tended to increase hippocam-
al CB1R expression, whereas in MD animals the opposite was
bserved. In contrast, exclusively among males, did adoles-
ent cocaine administration increase hippocampal CB1R function
F(1,28) = 10.00, p < 0.01] both in Co and MD animals (Fig. 2D).
Sex differences in prefrontal cortex (PFC) were also found for
oth CB1R density and functionality (Table 1). Females presented
ower expression levels but a higher activity rate when compared 7–15 per experimental group. Repeated measures three-way ANOVA (P < 0.05), (a)
p < 0.05 vs. Co-Coc of the same sex group. pnd, postnatal day.
to male counterparts (Table 2 and Fig. 2E). Adolescent cocaine
administration decreased CB1R expression in the PFC of male con-
trol animals (see Table 2). Regarding CB1R functionality, the triple
interaction was found to be significant (Table 1). In males, a sig-
nificant effect of the neonatal condition was found [F(1,28) = 7.30,
p < 0.05], with MD animals showing a reduced functionality of
CB1Rs; whereas among females, a significant interaction between
neonatal condition and drug was  achieved [F(1,27) = 5.22, p < 0.05]
although no significant differences were achieved by post hoc
comparisons.
Sex differences were found for motor-related brain regions,
namely caudate putamen (CPu), substantia nigra (SN) and globus
pallidus (GP) (see Table 1). CB1R density values were lower for
females compared to males whereas the opposite was  found for
CB1R stimulation data, at least for CPu and GP (Table 2 and Fig. 3). In
CPu, cocaine appeared to slightly modify CB1R density exclusively
among MD animals [F(1,32) = 4.25, p < 0.05] despite no statisti-
cal significance was  achieved following post hoc comparisons
(Table 2). As regards CB1R functionality, significant interactions
were further analyzed and statistics indicate that, in male animals,
CB1R function was significantly increased by cocaine administra-
tion but such an effect was no longer observed among MD  males;
within the females, none of the changes were significant (Fig. 3A).
In SN, the investigation of the significant MD  by drug interaction
(Table 1) indicated that the neonatal manipulation significantly
affected CB1R expression among saline-treated [F(1,28) = 8.77,
p < 0.01] but not among cocaine-treated animals (Table 2). Con-
cerning CB1R functionality, significant interactions between
factors were found (Table 1) and post hoc comparisons revealed
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Fig. 2. CB1R functionality in ventral tegmental area (A), nucleus accumbens (B), amygdala (C), hippocampus (D) and prefrontal cortex (E) of adult animals exposed to early
life  stress, maternal deprivation (MD, 24 h at pnd 9), or non stressed (control, Co) and administered during adolescence (from pnd 28 to 42) with saline (Sal) or cocaine (Coc,
8  mg/kg/day). Histograms (mean ± S.E.M.) represent the percentage of net stimulation over basal activity. n = 6–8 per experimental group. Three-way ANOVA (P < 0.05), (a)
s  (c) sig
s oup.
t
r
d
f
e
(ignificant overall effect of sex, (b) significant MD effect within the same sex group,
ame  sex group. Tukey post hoc comparisons: *p < 0.05 vs. Co-Sal of the same sex gr
hat adolescent cocaine administration significantly decreased
eceptor functionality in males independently of the neonatal con-
ition (p < 0.05, Co-Sal vs. Co-Coc and MD-Coc), whereas among
emales adolescent cocaine administration induced a contrasting
ffect, i.e., an increase in CB1R functionality, only in MD animals
p < 0.05, MD-Coc vs. Co-Sal, Co-MD and MD-Sal) (Fig. 3B). In GP,nificant cocaine effect among MD  animals, (e) significant cocaine effect within the
cocaine administration significantly increased CB1R functionality
within control animals [F(1,28) = 5.04, p < 0.05] but not in MD ones,
no matter the sex of animals (Fig. 3C). No changes in GP  CB1R
expression were observed (Tables 1 and 2).
Thalamus CB1R density was significantly affected by neonatal
manipulation in a sex-dependent manner (Table 1). MD decreased
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Table  1
Main results from the three-way analysis of variance (ANOVA) of CB1R density and functionality data.
Brain areas CB1R Statistics Sex MD Drug Sex × MD  Sex × drug MD × drug Sex × MD × drug
VTA Density F (1,60) 4.35 – – – – – –
p-value <0.05 – – – – – –
Function F (1,40) 45.11 – – – 5.66 5.69 –
p-value <0.001 – – – <0.05 <0.05 –
NAcc Density F (1,65) – – – – – – –
p-value – – – – – – –
Function F (1,56) 165.23 4.53 – 8.98 – – –
p-value <0.001 <0.05 – <0.01 – – –
Amyg Density F (1,62) – – – – – – –
p-value – – – – – – –
Function F (1,56) 33.60 – – – – 4.29 –
p-value <0.001 – – – – <0.05 –
Hip  Density F (1,60) 4.32 – – – – 8.21 –
p-value <0.05 – – – – <0.01 –
Function F (1,56) 208.29 – – – 5.65 – –
p-value <0.001 – – – <0.05 – –
PFC  Density F (1,70) 10.98 – 11.78 – – – –
p-value <0.01 – <0.01 – – – –
Function F (1,55) 64.17 10.73 – – – – 33.15
p-value <0.001 <0.01 – – – – <0.01
CPu  Density F (1,64) 18.42 – – – – 4.10 –
p-value <0.001 – – – – <0.05 –
Function F (1,56) 84.20 – – 22.91 – – 6.18
p-value <0.001 – – <0.001 – – <0.05
SN  Density F (1,58) 6.36 – 5.96 – – 6.68 –
p-value <0.05 – <0.05 – – <0.05 –
Function F (1,42) 13.83 6.58 6.05 18.13 49.06 4.24 –
p-value <0.001 <0.05 <0.05 <0.001 <0.001 <0.05 –
GP  Density F (1,57) 15.75 – – – – – –
p-value <0.001 – – – – – –
Function F (1,55) 133.27 – – 4.50 – 6.87 –
p-value <0.001 – – <0.05 – <0.05 –
Thal  Density F (1,56) 5.98 – – 4.52 – – 5.01
p-value <0.05 – – <0.05 – – <0.05
Function F (1,56) 70.36 – 20.60 31.44 – – 12.12
p-value <0.001 – <0.001 <0.001 – – <0.01
Hypo Density F (1,62) – – – – – – –
p-value – – – – – – –
Function F (1,56) 44.25 5.08 – – – – –
p-value <0.001 <0.05 – – – – –
PAG  Density F (1,63) – – – – – – 7.34
p-value – – – – – – <0.01
Function F (1,55) – – – 5.61 13.35 19.32 19.32
p-value – – – <0.05 <0.01 <0.001 <0.001
Cb  Density F (1,63) 7.62 – – 4.75 – – –
p-value <0.01 – – <0.05 – – –
Function F (1,56) – 36.92 – – 11.74 – 7.68
p-value – <0.001 – – <0.01 – <0.01
CB1R expression and function were analyzed within specific brain regions in control and maternally deprived animals (MD, 24 h on postnatal day 9) administered with
saline  (Sal) or cocaine (Coc, 8 mg/kg/day, i.p.) during adolescence, between postnatal days 28 and 42. Three-way ANOVA with factor being sex (males vs. females), neonatal
m eedom
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manipulation (control vs. MD)  and drug treatment (Sal vs. Coc). F, with degrees of fr
reas:  VTA, ventral tegmental area; NAcc, nucleus accumbens; Amyg, amygdala; Hi
lobus  pallidus; Thal, thalamus; Hypo, hypothalamus; PAG, periaqueductal gray; an
B1R expression within males [F(1,30) = 5.71, p < 0.01] without
odifying females’ values (Table 2). Moreover, CB1R activity was
igher in females compared to males, and thalamus CB1R function-
lity was modified in a sex-dependent manner. In males, only the
ombination of treatments was able to increase CB1R functional-
ty. Among females, cocaine exposure significantly increased CB1R
unctionality, whereas neonatal MD  was able to prevent such an
ffect (Fig. 4A).Hypothalamic CB1R density was not affected by any of the factors
onsidered (Table 2). However, CB1R functionality was significantly
nfluenced by sex, and neonatal manipulation in a sex-dependent
anner. Females exhibited higher levels of CB1R activity within parenthesis, and p-value. Non significant results are not included (–). Brain
pocampus; PFC, prefrontal cortex; CPu, caudate putamen; SN, substantia nigra; GP,
 cerebellum.
compared to males, but only males’ CB1R functionality was sig-
nificantly diminished by MD (Fig. 4B).
In periaqueductal gray (PAG), a significant interaction between
the three factors was found for the CB1R density data (Table 1),
although post hoc comparisons were not able to reveal any
significant difference between groups (Table 2). In relation to
CB1R activity, no changes were observed among male animals;
whereas, among females, MD induced a significant increase in PAG
CB1R functionality that was normalized by adolescent cocaine
administration (Fig. 4C).
Cerebellum CB1R expression was  affected by the neonatal con-
dition in a sex-dependent manner. MD augmented CB1R density
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Table 2
CB1R density measured by [3H]CP-55,940 receptor autoradiographic-binding.
Brain areas Males Females
Co-Sal Co-Coc MD-Sal MD-Coc Co-Sal Co-Coc MD-Sal MD-Coc
VTAa 99.8 ± 7.3 105.9 ± 8.2 96.7 ± 9.5 101.5 ± 8.8 97.2 ± 3.2 83.0 ± 5.6 84.1 ± 5.1 97.1 ± 6.9
NAcc  197.5 ± 9.6 185.1 ± 5.8 186.7 ± 7.3 177.0 ± 8.6 182.8 ± 6.0 190.0 ± 6.8 194.5 ± 9.3 202.1 ± 10.6
Amyg  158.5 ± 5.6 155.0 ± 7.7 156.5 ± 7.4 152.3 ± 7.4 161.8 ± 6.8 165.6 ± 11.5 173.5 ± 6.9 156.1 ± 10.9
Hipa 287.8 ± 12.0 303.1 ± 11.3 286.1 ± 9.5 256.4 ± 7.4 280.6 ± 10.9 290.9 ± 4.5 292.6 ± 6.7 273.0 ± 8.8
PFCa 240.6 ± 4.4 216.8 ± 3.7* 235.3 ± 6.4 226.2 ± 5.2 222.4 ± 5.4 215.0 ± 6.4 221.3 ± 3.9 212.5 ± 3.8
CPua 279.0 ± 9.1 281.9 ± 11.3 277.0 ± 10.0 267.3 ± 7.5 249.8 ± 8.2 262.8 ± 4.9 257.7 ± 5.6 237.0 ± 5.3
SNa 474.5 ± 6.8 487.2 ± 14.0 534.0 ± 10.8d 476.5 ± 12.6 470.7 ± 18.4 461.2 ± 10.8 491.2 ± 11.8d 434.9 ± 26.9
GPa 420.6 ± 22.5 450.8 ± 10.2 433.9 ± 16.9 420.9 ± 18.2 370.5 ± 13.3 388.1 ± 13.6 385.5 ± 11.7 410.6 ± 16.3
Thal  165.3 ± 10.1 158.9 ± 5.2 136.1 ± 9.3b 152.1 ± 5.2b 156.1 ± 9.3 171.3 ± 5.0 170.5 ± 5.1 163.3 ± 6.0
Hypo  156.9 ± 7.3 145.4 ± 12.8 157.1 ± 13.6 132.1 ± 7.3 139.4 ± 6.9 151.0 ± 9.4 139.1 ± 5.4 139.8 ± 6.0
PAG  147.7 ± 7.2 156.7 ± 8.2 161.8 ± 8.4 131.1 ± 4.9 154.4 ± 4.1 137.5 ± 3.7 148.8 ± 5.9 148.3 ± 13.1
Cb  394.0 ± 9.4 404.2 ± 3.8 389.6 ± 7.3 402.5 ± 5.7 397.9 ± 4.2 404.9 ± 4.4 416.6 ± 4.0b 414.8 ± 3.9b
Mean ± SEM, expressed as mg/dl. Data come from control (Co) animals or animals exposed to a single episode of early maternal deprivation (MD, 24 h on pnd 9) that were
administered with saline (Sal) or cocaine (Coc, 8 mg/kg/day, i.p.) during adolescence (from pnd 28 to 42). Number of animals employed from each experimental group: males,
Co-Sal  (10), Co-Coc (11), MD-Sal (11), MD-Coc (10); females: Co-Sal (9), Co-Coc (9), MD-Sal (9), MD-Coc (9). Brain areas: VTA, ventral tegmental area; NAcc, nucleus accumbens;
Amyg, amygdala; Hip, hippocampus; PFC, prefrontal cortex; CPu, caudate putamen; SN, substantia nigra; GP, globus pallidus; Thal, thalamus; Hypo, hypothalamus; PAG,
periaqueductal gray; and Cb, cerebellum. Three-way ANOVA (p < 0.05), (a) significant overall effect of sex, (b) significant overall effect of MD within the same sex group,
(d)  significant MD effect among Sal-treated animals. Tukey post hoc comparisons: *p < 0.05 vs. Co-Sal of the same sex group; p < 0.05 vs. Co-Coc of the same sex group.
Fig. 3. CB1R functionality in caudate putamen (A), substantia nigra (B) and globus pallidus (C) of adult animals exposed to early life stress, maternal deprivation (MD, 24 h
at  pnd 9), or non stressed (control, Co) and administered during adolescence (from pnd 28 to 42) with saline (Sal) or cocaine (Coc, 8 mg/kg/day). Histograms (mean ± S.E.M.)
represent the percentage of net stimulation over basal activity. n = 6–8 per experimental group. Three-way ANOVA (P < 0.05), (a) significant overall effect of sex, (f) significant
cocaine effect among control animals. Tukey post hoc comparisons: *p < 0.05 vs. Co-Sal of the same sex group, p < 0.05 vs. Co-Coc of the same sex group; §p < 0.05 vs. MD-Sal
of  the same sex group.
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Fig. 4. CB1R functionality in thalamus (A), hypothalamus (B), periaqueductal gray (C) and cerebellum (D) of adult animals exposed to early life stress, maternal deprivation
(MD,  24 h at pnd 9), or non stressed (control, Co) and administered during adolescence (from pnd 28 to 42) with saline (Sal) or cocaine (Coc, 8 mg/kg/day). Histograms
(mean  ± S.E.M.) represent the percentage of net stimulation over basal activity. n = 6–8 per experimental group. Three-way ANOVA (P < 0.05), (a) significant overall effect
of  sex, (b) significant MD effect within the same sex group. Tukey post hoc comparisons: @p < 0.05 vs. Co-Sal males, *p < 0.05 vs. Co-Sal of the same sex group, p < 0.05 vs.
Co-Coc  of the same sex group; §p < 0.05 vs. MD-Sal of the same sex group.
Fig. 5. CB2R expression in spleen (A) and bone marrow (B) of adult animals exposed to early life stress, maternal deprivation (MD, 24 h at pnd 9), or non stressed (control,
Co)  and administered during adolescence (from pnd 28 to 42) with saline (Sal) or cocaine (Coc, 8 mg/kg/day). Histograms (mean ± S.E.M.) represent the optical density of the
bands.  n = 7–8 per experimental group. Three-way ANOVA (P < 0.05), (e) significant overall effect of cocaine. Tukey post hoc comparisons: *p < 0.05 vs. Co-Sal of the same sex
group; §p < 0.05 vs. MD-Sal of the same sex group.
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xclusively among females [F(1,32) = 11.96, p < 0.01] (Table 2).
nstead, MD  effects on cerebellum CB1R function only appeared
mong males, i.e., MD  males exhibited the higher levels of CB1R
et stimulation. In females, only the combination of treatments was
ble to significantly increase cerebellum CB1R function (Fig. 4D).
.3. CB2R expression in immune tissues
Spleen CB2R expression (Fig. 5A) was analyzed by a three-
ay ANOVA. Significant interaction between neonatal condition
nd drug treatment was achieved [F(1,54) = 14.61; p < 0.001], as
ell as significant overall effects of sex [F(1,54) = 19.38; p < 0.001],
eonatal condition [F(1,54) = 20.15; p < 0.001] and drug treatment
F(1,54) = 14.89; p < 0.001]. Post hoc comparisons performed for
ach sex indicated that MD provoked significantly increased spleen
B2R expression both in males and females, while adolescent
ocaine abolished this effect, although statistical significance was
nly achieved for females.
In bone marrow, the three-way ANOVA of CB2R expression
ata (Fig. 5B) revealed a significant effect of drug treatment
F(1,54) = 20.68; p < 0.001]. Cocaine administration significantly
iminished bone marrow CB2R expression independently of ani-
als’ sex and neonatal condition.
. Discussion
Present results indicate that MD induces long-lasting effects in
oth central and peripheral CBRs. Adolescent cocaine administra-
ion modified CBRs in a sex and region-dependent manner, and
ertain cocaine effects were modulated by the neonatal events. As
xpected, sex differences in somatic growth were observed from
dolescence until adulthood, and the MD episode provoked a dras-
ic and immediate decrease in body weight gain. However, the
ffects of MD  on body weight gain were not observed at the selected
ime windows, i.e., adolescence and adulthood, in contrast with
revious studies [6,31,37]. Adolescent cocaine administration was
evoid of effects on body weight gain, as previously reported [38].
lthough chronic cocaine administration reduced body weight gain
n adults [38] and adolescents administered with higher doses of
he drug (10 mg/kg, twice daily) [39]. Surprisingly, after cocaine
ithdrawal a decrease in body weight gain was observed among
ontrol females while the opposite, a subtle increase in body weight
ain, was observed among MD females providing further evidence
or an altered energy homeostasis in MD  animals [28,29].
.1. Sexual dimorphisms in brain CB1R density and functionality
As already described [see [40,41] for review], sex differences in
rain endocannabinoid system were found among control animals.
resent findings demonstrate lower densities of CB1Rs in female
ippocampus together with increased functional rates when com-
ared to male samples; a sexually dimorphic pattern previously
eported [42,43] that present research extends to PFC, CPu and
P. CB1R expression was also lower in the SN of female com-
ared to male animals, and higher levels of CB1R functionality
ere found in the NAcc, amygdala, thalamus and hypothalamus of
emale animals compared to males. A similar change in CB1R bind-
ng was already reported for the amygdala, although discrepant
esults were achieved for hypothalamus and hippocampus [44].
otwithstanding, both expression and functionality of CB1Rs were
ecreased in the VTA of females compared to male animals, pos-
ibly providing a neural substrate for the existing sex differences
o the rewarding effects of cannabinoids [40]. In general, the sex
ifferences in brain CB1R expression and functionality suggest a
ifferential maturational endpoint of the endocannabinoid sys-
em that may  underlie physiological sex differences as well asgical Research 74 (2013) 23– 33 31
the already reported divergent responses to exogenous cannabi-
noids [40,41]. It is worth mentioning that sex differences in gonadal
hormones may  also have influenced CB1R changes. Indeed, the ado-
lescent brain is re-organized by gonadal steroid hormones during
puberty [45], and some of the sexual dimorphisms described within
the endocannabinoid system may  result from the influenced of
these hormonal waves [see [46] for review].
4.2. Effects of MD in brain CB1R density and functionality
Short-term effects of MD on the eCB system have been previ-
ously reported [18,19,47], and present findings provide evidence
for long-term effects that last until adulthood. MD induced an
increase in CB1R expression in the SN of both male and female ani-
mals. On the one hand, among males, MD provoked a remarkable
decrease in CB1R function in NAcc, PFC and hypothalamus, as well
as a reduction in CB1R expression within the thalamus. Notably,
CB1R activity was only found to be increased within the cerebel-
lum of adult males. On the other hand, among females, MD  induced
an increase in CB1R expression in the cerebellum and an increased
CB1R functionality in the PAG. Worth mentioning comparable find-
ings were achieved by using another animal model of early life
stress, i.e., social isolation rearing, where the animals reared in iso-
lation showed a reduced CB1R functionality in the PFC and NAcc,
as reported for our MD  animals, but also in CPu, hippocampus and
VTA [48]. However, discrepancies exist between our study and a
recent paper that reports no changes in CB1R density and function-
ality at adulthood [49] that can be due to the different rat species
employed (Wistar or Sprague–Dawley) that it seems to be critical
for the observation of changes in brain CB1Rs in animal models of
early life stress [see also [48]].
The above reported changes in brain CB1R expression and func-
tionality may  underlie, at least in part, the behavioral outcomes
of MD.  The generalized increment in CB1R expression within the
SN may  underlie the motor effects of MD  [6,8,29]. The decreased
functionality of CB1Rs in the PFC may  mediate cognitive deficits
observed in MD animals [37,50,51], while the reduced functionality
of CB1Rs within the NAcc may  relate to the depressive symp-
toms [7] and to the lack of motivation for cocaine seeking recently
described in MD male mice [52]. Similarly, hypothalamic changes
of CB1R functionality may  reflect impairments in energetic homeo-
stasis and HPA axis [6,8,18,28,29]. Among females, the increase in
CB1R functionality within the PAG may  reflect the recently reported
sex differences in MD-induced nociception; where the mechanical
allodynia and the neuropathic pain resulting from MD  were more
markedly observed in females compared to males [5]. However,
further research is needed to understand the precise behavioral
correlations of the endurable changes in CB1R expression and func-
tionality observed following an episode of MD.
4.3. Effects of adolescent cocaine exposure in control and MD
animals
In males, a decrease in CB1R expression within the PFC was
found, exclusively among control animals. Accordingly, a decrease
in CB1R mRNA levels in the PFC of adult male rats chronically
treated with cocaine was  described, in the absence of changes in
CB1R density [26]. Discrepancies between studies might be due
to differences in the age of cocaine administration, in the dose
and schedule of drug administration, and more importantly to
differences in the length of the withdrawal period since cocaine
long-term effects have been described as different (and even oppo-
site) to those observed immediately after the treatment [53].
Adolescent cocaine administration induced an increase in CB1R
functionality within VTA, hippocampus CPu and GP of male ani-
mals, and a similar increase in the GP and thalamus of females.
3 acolo
T
r
i
r
s
t
p
r
m
a
p
w
b
a
t
(
n
a
o
t
b
m
c
a
i
t
c
i
4
w
C
t
t
M
t
t
a
r
i
s
t
s
A
l
e
f
5
e
a
s
e
p
C
[
[
[
[
[
[
[
[
[
[
[
[2 A. Llorente-Berzal et al. / Pharm
hese changes may  be associated with cocaine-induced locomotor
esponses in which striatal CB1Rs have been recently involved [23].
In contrast, a decrease in CB1R functionality was  observed
n the SN of Coc-treated male animals. Previous studies have
eported no changes in brain eCB content following cocaine
elf-administration [27,54]. However, given the profuse interac-
ions between eCB and dopamine neurotransmission [55,56], the
resently reported changes in CB1R density and functionality may
esult from cocaine-induced changes in dopamine levels. Actually,
ost brain areas affected by adolescent cocaine administration
re part of the mesocorticolimbic and nigrostriatal dopaminergic
athways. Moreover, the thalamus, an important integration node
ith profuse connections with brain dopaminergic areas [57], has
een reported to be affected by adolescent cocaine administration
mong females. However, in the present study, an evaluation of
he potential cocaine-induced changes in the dopaminergic system
i.e., dopamine levels and/or dopamine receptor expression) could
ot be afforded.
The combination of both insults, i.e., MD  and adolescent cocaine
dministration, decreased CB1R functionality within the amygdala
f male and female animals. Among females, the combination of
reatments increase the functionality of CB1Rs within SN and cere-
ellum, and this same pattern was observed in the thalamus of
ales. Notably, within the thalamus and PAG of females, the appli-
ation of the two  manipulations normalized CB1Rs activity levels,
s in the CPu of male animals, an effect that was slightly present
n the VTA. Present findings suggest an abnormal development of
he endocannabinoid system due to MD given the fact that adoles-
ent cocaine administration induced divergent long-term changes
n brain CB1Rs.
.4. Peripheral CB2R expression
MD  induced a persistent increment in spleen CB2R expression
ithout modifying CB2R expression in bone marrow. Given that
B2Rs mediate immunosuppressive effects [see [58] for review];
he reported increase in spleen CB2R expression may  contribute
o the impairments in immune function previously described for
D animals [31,59]. However, further experiments are needed
o explain how adolescent cocaine administration could prevent
his MD effect. On the other hand, in this study, cocaine induced
 generalized reduction in bone marrow CB2R expression. This
esult contrasts with previous findings reporting an increase
n CB2R expression in distinct immune cells following cocaine
elf-administration [60], although discrepancies might be due
o differences in the administration protocol (i.p. injections vs.
elf administration), and/or to tissue-specific effects of cocaine.
dditionally, fluctuations in immune tissues’ CB2R expression
evels following cocaine administration and withdrawal cannot be
xcluded and may  mediate, at least partially, the altered immune
unctionality reported after cocaine administration [13,14].
. Conclusions
Present findings provide evidence for changes in brain CB1R
xpression and functionality and in immune CB2R expression as
 consequence of early life stress and adolescent cocaine expo-
ure as well as for functional interactions between both challenges,
mphasizing that in many regions, these effects are sexually dimor-
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RESULTADOS PRINCIPALES Y CONCLUSIONES PARCIALES 
 
El consumo de cocaína entre la población juvenil es un problema sanitario 
público de orden mundial con importantes complicaciones neuroinmunológicas cuyos 
efectos pueden depender de una exposición previa a eventos estresantes, 
particularmente en etapas tempranas del desarrollo. La combinación de los dos modelos 
animales empleados en el presente estudio (SM y exposición a cocaína en edad 
adolescente) puede contribuir a aclarar la participación del SEC en las alteraciones a 
largo plazo inducidas por la exposición a ambas situaciones 
Como cabía esperar, la SM produjo una disminución drástica del peso corporal a 
DP 10, 24 horas después del inicio del estrés neonatal. También, desde la adolescencia a 
la etapa adulta se encontraron diferencias sexuales en el crecimiento somático. Es muy 
probable que la SM produjera cambios en la ganancia de peso corporal tal y como 
hemos visto en estudios previos; sin embargo, durante la ventana temporal que elegimos 
para monitorizar el peso de los animales no observamos ningún efecto de nuestro 
protocolo de SM. Tampoco observamos ningún efecto de la administración de cocaína 
durante el periodo de administración, i.e. la adolescencia. Sin embargo, 
sorprendentemente, encontramos que tras el cese del tratamiento con cocaína se produjo 
una disminución de la ganancia de peso corporal entre las hembras control mientras que 
se observó lo contrario entre las hembras SM (un sutil aumento de la ganancia de peso 
corporal). 
En el presente trabajo encontramos asimismo una serie de diferencias sexuales 
en el patrón de expresión y de funcionalidad de los receptores CB1 cerebrales de los 
animales controles Las hembras presentaban una menor densidad y una mayor 
funcionalidad de receptores CB1 en el hipocampo, el córtex prefrontal, el caudado 
putamen y el globo pálido cuando las comparamos con los machos. También se 
encontraron en las hembras unos mayores niveles de funcionalidad del receptor CB1 en 
el núcleo accumbens, la amígdala, el tálamo y el hipotálamo que en los machos. Sin 
embargo, la expresión de los receptores CB1 fue menor en la sustancia negra de las 
hembras con respecto a la de los animales macho, y en el área tegmental ventral se vio 
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que tanto los niveles de expresión como de funcionalidad de los receptores CB1 fueron 
mayores en los machos que en las hembras. 
La SM, per se, causó un aumento de la expresión de receptores CB1 en la 
sustancia negra tanto de animales macho como de animales hembra. Entre los machos, 
la SM produjo una disminución significativa de la funcionalidad del receptor CB1 en el 
núcleo accumbens, el córtex prefrontal y el hipotálamo, así como una reducción de la 
expresión del receptor CB1 en el tálamo. Es importante señalar que la actividad del 
receptor CB1 sólo se vio incrementada en el cerebelo de los machos adultos. Por otro 
lado, entre las hembras, la SM produjo un aumento de la expresión del receptor CB1 en 
el cerebelo y un aumento de su funcionalidad en la sustancia gris periacueductal. 
El tratamiento durante la adolescencia con cocaína produjo, entre los machos, 
una disminución de la expresión de receptores CB1 en el córtex prefrontal y un aumento 
de la funcionalidad en el área tegmental ventral, el hipocampo, el caudado putamen y el 
globo pálido. En la sustancia negra de los animales macho control el tratamiento con 
cocaína provocó una disminución de la actividad del receptor CB1. Entre las hembras, 
por otro lado, el tratamiento farmacológico adolescente causó a largo plazo un 
incremento de la funcionalidad del receptor CB1 en el globo pálido y el tálamo. 
La combinación de ambos tratamiento provocó una disminución de la 
funcionalidad del receptor CB1 en la amígdala tanto de animales macho como de 
animales hembra. Entre las hembras, la combinación de ambos tratamientos incrementó 
la funcionalidad de los receptores CB1 en la sustancia negra y el cerebelo, y este mismo 
patrón se observó en el tálamo de los machos. En el tálamo y la sustancia negra 
periacueductal de las hembras, la aplicación de ambas manipulaciones normalizaron los 
niveles de actividad de los receptores CB1, al igual que en el caudado putamen de los 
animales macho. 
En lo referente a la expresión del receptor CB2 en tejido inmune, observamos 
que la SM produjo un incremento de la expresión de este receptor en el bazo, mientras 
que el tratamiento adolescente con cocaína causó una normalización de sus niveles en 
los animales SM. En la médula ósea observamos cómo el tratamiento farmacológico 
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con cocaína durante la adolescencia produjo una disminución persistente de la expresión 
del receptor CB2. 
Los resultados de este experimento muestran que el estrés en etapas tempranas 
del desarrollo y la exposición a un psicoestimulante como la cocaína durante la 
adolescencia provocan cambios a largo plazo en la expresión y funcionalidad del 
receptor CB1 en el cerebro y en la expresión del receptor CB2 en tejido inmune. 
Asimismo se describen interesantes interacciones funcionales entre el estrés neonatal y 
la exposición a la droga y se enfatiza el hecho de que en varias regiones los efectos de 
ambas manipulaciones son sexo-dependientes. Las diferencias sexuales “basales” que 
encontramos en los animales controles, y que afectan tanto a la expresión como a la 
actividad de los receptores CB1 cerebrales podrían contribuir a explicar los efectos 
sexodimórficos de los tratamientos utilizados. 
 
 
  
 
 
 
 
 
BLOQUE II 
   
 
BLOQUE II 
CAPÍTULO 4 
 
 
165 
 
Efectos, a largo plazo, de la exposición en edad adolescente a THC 
y/o a MDMA: Dimorfismos sexuales 
 
Análisis neuroconductuales y endocrinos 
La 3,4-metilendioximetanfetamina (MDMA) es una droga con propiedades 
psicoestimulantes comúnmente conocida como éxtasis. Su consumo produce una rápida 
liberación e inhibición de la recaptura de serotonina aunque también afecta a otros 
neurotransmisores como la dopamina y la norepinefrina (Beveridge et al., 2004; 
Cunningham et al., 2009) y origina un marcado incremento de la actividad metabólica, 
aumentando los niveles de radicales libres y provocando un mayor estrés oxidativo 
(Zhou et al., 2003). En los seres humanos, los efectos a corto plazo de la MDMA duran 
entre 3 y 5 horas e incluyen euforia, relajación, aumento de la sociabilidad, empatía y un 
incremento de la energía (Gouzoulis-Mayfrank y Daumann, 2009; Ludwig et al., 2008). 
Fisiológicamente, los consumidores de éxtasis también exhiben una desregulación de la 
temperatura corporal y una pérdida de peso (Shen et al., 2011; Walker et al., 2007; 
Piper, 2007; Piper y Meyer, 2004). El consumo de MDMA puede también causar 
problemas a largo plazo sobre el estado de ánimo y sobre la cognición tales como un 
aumento de la impulsividad, déficits de la memoria, ansiedad y depresión (Quednow et 
al., 2006, 2007; Parrott, 2001; Curran et al., 1997; Steele et al., 1994). 
El éxtasis es ampliamente consumido como una droga recreativa y el perfil de 
sus consumidores es normalmente el de adolescentes o adultos jóvenes (EMCDDA, 
2012) que asisten a fiestas “rave” o a clubes de música “dance” (Parrott, 2004). 
Asimismo, la mayoría son normalmente consumidores de otras drogas de abuso y 
consumen la MDMA durante los fines de semana en combinación con otras sustancias 
adictivas (Robledo, 2010; Senn et al., 2007), fenómeno conocido como policonsumo. 
El cannabis es la droga ilegal más ampliamente consumida entre los 
adolescentes y los adultos jóvenes (Malone et al., 2010; Rubino y Parolaro, 2008). Se 
obtiene a partir de extractos del arbusto Cannabis sativa donde se han encontrado al 
menos más de 80 compuestos; sin embargo, se piensa que los efectos psicotrópicos de la 
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planta se deben sobre todo a uno de ellos, el Δ9-tetrahidrocannabinol (THC) (Klein et 
al., 2011; Bossong y Niesink, 2010). El THC ejerce sus efectos a través de la activación 
del receptor cannabinoide CB1 localizado principalmente en el sistema nervioso central 
(Klein et al., 2011; Cha et al., 2006; Malone y Taylor, 2006). 
Se ha visto que la administración crónica de agonistas del receptor CB1 en ratas 
adolescentes produce alteraciones a largo plazo de los procesos cognitivos y 
emocionales durante la etapa adulta al igual que cambios conductuales que se asemejan 
a una sintomatología de tipo psicótico (Mateos et al., 2011; Cha et al., 2006; Biscaia et 
al., 2003; Schneider y Koch, 2003). Durante la adolescencia continúa el desarrollo del 
cerebro, incluyendo la maduración y reorganización de los sistemas de 
neurotransmisores (Quinn et al., 2008; Romeo, 2003; Spear, 2000), entre los que 
destaca el sistema endocannabinoide (SEC). De hecho, en esta etapa se observa una alta 
densidad de receptores CB1 en diversas estructuras cerebrales (Rodríguez de Fonseca, 
1993). Es más, el SEC juega un papel crítico en los procesos de neurodesarrollo (Díaz-
Alonso et al., 2012; Gaffuri et al., 2012). Por tanto, parece factible que las alteraciones 
funcionales del SEC debidas al consumo de cannabis o a la exposición de agonistas 
cannabinoides durante este período crítico ejerzan efectos sustanciales sobre la 
maduración y el normal funcionamiento de los circuitos del cerebro en desarrollo, cuyos 
efectos deletéreos podrían aparecer posteriormente en la vida del individuo (Gleason et 
al., 2012; Malone et al., 2010; Fernández-Espejo et al., 2009; Marco y Viveros, 2009; 
Rubino y Parolaro, 2008). 
Durante los últimos años se ha producido un aumento del policonsumo de 
drogas de abuso entre los jóvenes. En particular, el cannabis es la droga de abuso que 
con mayor frecuencia se consume conjuntamente con la MDMA, especialmente entre 
los adultos jóvenes (Schulz, 2011; Parrot et al., 2007; Sala y Braida, 2005). Por 
ejemplo, Wish et al. (2006) encuestaron a una muestra de estudiantes universitarios de 
la Costa Este de los Estados Unidos y encontraron que el 98% de los consumidores de 
éxtasis también habían consumido cannabis. La motivación por el policonsumo podría 
verse influenciada por aspectos psicofisiológicos. Por ejemplo, en contraste con los 
efectos iniciales de empatía y euforia tras la administración aguda, una disminución de 
la concentración de MDMA en el cerebro puede provocar una sintomatología de tipo 
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disfórico como por ejemplo ansiedad, agitación, insomnio y depresión. De esta manera, 
el cannabis podría consumirse para intentar paliar la presencia de estos estados 
negativos, tanto fisiológicos como emocionales, asociados al “bajón” del éxtasis [ver 
como revisión Shulz et al. (2011) y Parrott et al. (2007)]. En cualquier caso, la frecuente 
combinación de cannabis y éxtasis por parte de los jóvenes es preocupante y merece 
investigarse el impacto neurobiológico asociado a su uso combinado, no sólo a corto, 
sino también a largo plazo. 
Dos estudios previos han investigado los efectos de la coadministración de THC 
y MDMA a corto plazo sobre animales adultos (Young et al., 2005; Morley et al., 
2004), y también se ha descrito el efecto combinado de estas dos drogas sobre el 
paradigma de la preferencia condicionada de lugar (CPP, del inglés Conditioned place 
preference; Robledo et al., 2007). Sin embargo, son escasos los trabajos que hayan 
estudiado los efectos de una exposición crónica a ambas sustancias y que nosotros 
sepamos, el único trabajo publicado sobre los efectos de la administración crónica 
durante la adolescencia de una combinación de tratamientos con MDMA y THC se 
realizó utilizando sólo animales macho (Shen et al., 2011). 
Las diferencias sexuales no sólo afectan a la fisiología reproductora sino a 
muchos otros aspectos psicobiológicos, incluyendo la adicción (Viveros et al., 2006, 
2009, 2011; Carroll y Anker, 2010; Lynch, 2006). En este contexto, los estudios 
clínicos han demostrado que las hembras son más susceptibles a los efectos de las 
drogas de abuso (Carroll et al., 2004). Nosotros hemos estudiado exhaustivamente las 
diferencias sexuales tras un tratamiento crónico durante la adolescencia con un agonista 
del receptor cannabinoide (Viveros et al., 2011; Mateos et al., 2010; Biscaia et al., 
2003). Sin embargo, sólo unos pocos estudios se han centrado en las diferencias 
sexuales en respuesta a la MDMA (Walker et al., 2007; Bubenikova et al., 2005; 
Palenicek et al., 2005), y no hemos encontrado ninguna publicación con un estudio 
preclínico que haya analizado las diferencias sexuales en los efectos de la 
administración crónica de MDMA durante la adolescencia. 
En base a las investigaciones previamente descritas, diseñamos un protocolo 
experimental en el que ratas de ambos sexos fueron tratadas crónicamente con una dosis 
creciente de THC (Rubino et al., 2008) y/o con MDMA siguiendo un modelo animal 
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modificado de consumo de fin de semana (Meyer et al., 2008). Dado que se ha visto que 
ambos, el THC y la MDMA, producen una alteración de la termorregulación, se 
tomaron medidas de la temperatura corporal tras el primer y el último día de tratamiento 
con MDMA a diferentes tiempos. A corto plazo (un día tras el final del tratamiento) los 
animales fueron sometidos al tablero con agujeros (TCA), un test que proporciona 
medidas independientes de actividad locomotora y de exploración dirigida a estímulos 
(los agujeros del aparto), y al laberinto en cruz elevado (LCE) que ha sido validado para 
la evaluación de la ansiedad en roedores (Pellow et al., 1985). En la etapa adulta, se 
sometió a los animales al test de reconocimiento de objetos (NOT, del inglés Novel 
object test) para evaluar posibles alteraciones de la memoria de trabajo a largo plazo 
(Ennaceur y Delacour, 1988) y al test de la inhibición prepulso (PPI, del inglés Prepulse 
inhibition), una prueba que sirve para evaluar posibles alteraciones en la capacidad de 
“filtrado” de información sensorial y déficit de la capacidad de atención (Geyer et al., 
2001). 
Se ha visto que existen una gran cantidad de sistemas de señalización 
intracelular implicados en las respuestas conductuales producidas por los cannabinoides 
y la MDMA. Por ejemplo, las fosfoquinasas reguladas por señal extracelular 1 y 2 
(pERK 1/2, del inglés extracelular signal-regulated kinases) se encuentran moduladas 
en el cerebro de rata por un tratamiento crónico con THC (Rubino et al., 2004) o por 
una administración con MDMA (Di Benedetto et al., 2011). Se ha relacionado la 
modulación de esta vía de señalización con las alteraciones producidas sobre el estado 
de ánimo y con el comportamiento relacionado con la ansiedad (Qi et al., 2009). Por 
otro lado, el gen de expresión inmediata de la proteína asociada al citoesqueleto 
regulada por actividad (Arc, del inglés activity-regulated cytoskeleton associated 
protein) se traduce en una proteína citosólica implicada en los mecanismos de 
plasticidad sináptica asociados con la potenciación a largo plazo y el aprendizaje 
(Bramham et al., 2010). Se ha visto que la expresión del ARNm para Arc se encuentra 
enormemente modulada por la MDMA en las regiones corticales y en el hipocampo de 
las ratas (Beveridge et al., 2004). De acuerdo con esta información, también medimos la 
expresión de pERK 1/2 y de Arc en el hipocampo y la corteza prefrontal. Además, 
también se analizó la expresión de ARNm para prepro-orexina en el hipotálamo ya que 
su expresión se encuentra modulada por la alimentación (Cai et al., 1999) y el THC y la 
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MDMA tienen propiedades orexigénicas y anorexigénicas respectivamente. También se 
midió el peso corporal a lo largo del estudio y los niveles circulantes de leptina y 
corticosterona, dos hormonas que responden a ambos, los cannabinoides (Hill y Tasker, 
2012) y la MDMA (Graham et al., 2010; Kobeissy et al., 2008). 
 
Análisis inmunohistoquímico 
 El análisis neuroconductual y endocrino expuesto en el anterior epígrafe, aporta 
uno de los pocos estudios acerca de los efectos a largo plazo de la combinación de THC 
y MDMA durante la adolescencia, y el primero en comparar sus efectos entre machos y 
hembras. En el siguiente estudio, realizamos un análisis inmunohistoquímico del 
hipocampo y la corteza parietal de estos animales. En particular, nos centramos en las 
células gliales (astrocitos y microglía) y sobre el transportador de serotonina (SERT) y 
el receptor CB1. A continuación detallamos el porqué de la elección de estos 
parámetros. 
 El SEC, a través del receptor CB1, está implicado en múltiples funciones, entre 
las que podemos destacar el desarrollo neuronal (Keimpema et al., 2011), la 
inflamación (Massi et al., 2008; Wolf et al., 2008) y la regulación de respuestas de 
ansiedad y estrés  (Viveros et al., 2005a, 2007a, 2011) entre otros muchos aspectos de la 
homeostasis (Marco et al., 2012). Además, estudios previos han demostrado que la 
administración crónica del agonista cannabinoide CP-55,940 (CP) durante la 
adolescencia produce cambios neuroquímicos a largo plazo en el cerebro, como 
alteraciones en la actividad y expresión de los receptores CB1, o como hemos señalado 
en el capítulo 1 de la presente Tesis Doctoral una disminución de los niveles de BDNF 
en esta misma región cerebral (López-Gallardo et al., 2012; Mateos et al., 2011). En lo 
referente a la participación del SEC sobre el control de la neuroinflamación, se ha visto 
que las células gliales, astrocitos y microglía, presentan receptores cannabinoides 
(Stella, 2010) que contribuyen a la modulación de la respuesta inflamatoria. Marchalant 
et al. (2007) demostraron que un tratamiento con el agonista del receptor CB1 
WIN55212,2, causa una disminución en el número de células de microglía activada tras 
un tratamiento con LPS, lo que sugiere que el SEC podría jugar un papel importante en 
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el control de la reactividad de la microglía en respuesta a un agente adverso. En lo 
referente a los astrocitos, en el primer capítulo de esta Tesis Doctoral describimos cómo 
un tratamiento crónico durante la adolescencia con CP incrementó per se el número de 
células GFAP+ en el giro dentado de los machos y revirtió la reactividad astrocítica 
producida por la SM en CA3 y el giro dentado. 
 Por otro lado, uno de los efectos más conocidos y ampliamente estudiados de la 
exposición a MDMA en ratas es un déficit de marcadores serotoninérgicos en diversas 
regiones cerebrales, tales como el estriado, el hipocampo y la corteza (Piper et al., 2007; 
Battaglia et al., 1991). Otros indicadores de alteraciones producidas por la MDMA son 
marcadores de neurotoxicidad, tales como la tasa de muerte celular (Schmued, 2003), 
los niveles de GFAP (Frau et al., 2013; Johnson et al., 2002), y la neuroinflamación, 
medida vía activación de células de microglía (Connor et al., 2005; Monks et al., 2004). 
A pesar de que se sabe que el consumo de MDMA durante la adolescencia provoca 
diversas alteraciones conductuales a largo plazo sobre el estado de ánimo y la función 
cognitiva (Piper et al., 2007), existe una escasez de datos sobre los efectos a largo plazo 
de la neurotoxicidad causada por la administración adolescente de MDMA. 
 Nuestro objetivo con el presente estudio inmunohistoquímico fue comprobar los 
efectos a largo plazo y dependientes del sexo del tratamiento crónico combinado de 
THC y MDMA durante la adolescencia sobre marcadores de astrocitos, de la microgía 
reactiva y de la neurotoxicidad serotoninérgica así como cambios en la expresión de los 
receptores CB1 hipocampales. Como expondremos en la correspondiente sección de la 
Discusión, hemos intentado relacionar, en la medida de lo posible, los efectos sobre 
estos parámetros con las alteraciones conductuales reportadas en el estudio 
neuroconductual y endocrino. 
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Abstract 
Ecstasy is a drug that is usually consumed by young people at the weekends and frequently, in 
combination with cannabis. In the present study we have investigated the long-term effects of 
administering increasing doses of delta-9-tetrahydrocannabinol [THC; 2.5, 5, 10 mg/kg; i.p.] 
from postnatal day (pnd) 28 to 45, alone and/or in conjunction with 3,4-
methylenedioxymethamphetamine [MDMA; two daily doses of 10 mg/kg every 5 days; s.c.] 
from pnd 30 to 45, in both male and female Wistar rats. When tested one day after the end of 
the pharmacological treatment (pnd 46), MDMA administration induced a reduction in 
directed exploration in the holeboard test and an increase in open-arm exploration in an 
elevated plus maze. In the long-term, cognitive functions in the novel object test were seen to 
be disrupted by THC administration to female but not male rats. In the prepulse inhibition 
test, MDMA-treated animals showed a decrease in prepulse inhibition at the most intense 
prepulse studied (80 dB), whereas in combination with THC it induced a similar decrease at 
75 dB. THC decreased hippocampal Arc expression in both sexes, while in the frontal cortex 
this reduction was only evident in females. MDMA induced a reduction in ERK1/2 
immunoreactivity in the frontal cortex of male but not female animals, and THC decreased 
prepro-orexin mRNA levels in the hypothalamus of males, although this effect was prevented 
when the animals also received MDMA. The results presented indicate that adolescent 
exposure to THC and/or MDMA induces long-term, sex-dependent psychophysiological 
alterations and they reveal functional interactions between the two drugs. Keywords: 
Cannabis; Ecstasy; Adolescence; Sexual-dimorphisms; Cognition; Emotion 
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Introduction 
MDMA (3,4-methylenedioxymethamphetamine) is a psychostimulant drug commonly known 
as ecstasy. This drug induces rapid release of serotonin and inhibition of its reuptake, as well 
as affecting other neurotransmitters, such as dopamine and norepinephrine [1,2]. It also 
produces a marked increase in metabolic activity, free radical production and oxidative stress 
[3]. The acute effects of MDMA last for 3 to 5 hours in humans, and they include euphoria, 
relaxation, an increase in sociability, empathy and energy [4,5]. Ecstasy users also show other 
physiological modifications, such as body temperature deregulation and weight loss [6,7]. In 
the long-term, heavy MDMA use can lead to mood and cognitive problems, including 
impulsivity, memory deficits, anxiety and depression [3,8,9]. Ecstasy is a widely used 
recreational drug that is commonly consumed by teenagers and young adults [10] who self-
administer the drug at raves and dance club venues [3]. Most ecstasy users are polydrug users 
who consume MDMA at weekends in combination with other drugs of abuse, including 
cannabis [11,12].  
Cannabis is the illicit drug most commonly used by adolescents and young adults [13,14], and 
its main psychoactive compound is delta-9-tetrahydrocannabinol (THC) [13]. THC mainly 
exerts its psychoactive effects though the activation of CB1 cannabinoid receptors primarily 
located in the central nervous system. CB1 receptors are most prominent during adolescence 
[19] when important rearrangements of neurotransmitter systems occur. Indeed, the chronic 
activation of CB1 receptors during adolescence has been reported to induce cognitive 
impairments and emotional alterations in adulthood, these resembling psychotic-like 
symptoms in both humans and animal models [15-18]. Therefore, cannabis consumption 
during this critical period, i.e. adolescence, could exert profound effects on the maturation and 
normal function of the circuits in the developing brain, the deleterious effects of which would 
be noticeable in later life [13,14]. 
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Polydrug use among young people is a very frequent phenomenon and it has increased in 
recent years. In particular, cannabis is the most widely consumed illegal co-drug in MDMA 
users, especially among younger adults [21,22]. In a recent study of college students from the 
East Coast of the United States, 98% of ecstasy users had also consumed cannabis [23]. The 
motivation for polydrug use might be influenced by psychophysiological aspects, since 
decreasing concentrations of MDMA in the brain can lead to dysphoric symptoms including 
anxiety, agitation, insomnia and depression. Cannabis use might be considered as an attempt 
to relieve the negative symptoms associated with the “come-down” from ecstasy (see [21] and 
[22] for review). Whatsoever, the frequent combination of THC and MDMA by young people 
is a cause of concern, and the impact of this combination on later adult life deserves further 
study. 
Previous studies have focused on the neurochemical and behavioral effects of the acute co-
administration of THC and MDMA in adult rodents [24-26]. However, research on chronic 
exposure to this drug combination is very scarce and to the best of our knowledge, the only 
study published on the effects of the chronic exposure to MDMA and THC during 
adolescence refers only to male rats [27]. Sex-differences affect multiple psychobiological 
aspects of addiction [28-31] and indeed, clinical studies have shown that females are more 
susceptible to the effects of drugs of abuse than males [31]. We have extensively studied 
sexual dimorphisms after chronic cannabinoid treatment during adolescence [15-17,20,28]. 
However, only a few studies have focused on sexual dimorphism of adults in response to 
MDMA [7,32,33] and not on adolescent animals.  
On the basis of our earlier findings, we designed an experimental protocol in which 
adolescent rats of both sexes were treated chronically with increasing doses of THC [34] 
and/or MDMA following a weekend consumption schedule [35]. Body temperature was 
evaluated after the first and last day of MDMA administration and one day after the end of the 
pharmacological treatment, animals were tested in the holeboard test as an independent 
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measure of motor activity and site-directed exploration, and in the elevated plus maze for the 
evaluation of anxiety-like responses [36]. As adults, the animals were also tested in the novel 
object recognition test to assess working memory [37], and with the prepulse inhibition of 
acoustic startle to evaluate attention abilities [38]. In order to correlate these behavioral 
responses with specific changes in intracellular signaling that may be promoted by THC and 
MDMA, we also measured the expression of the extracellular signal-regulated kinases 1 and 2 
(ERK1/2), as well as that of the activity-regulated cytoskeletal-associated protein (Arc), both 
in the hippocampus and prefrontal cortex of these animals. ERK1/2 is believed to be 
modulated in the rat brain by chronic administration of THC [39] and MDMA [40], and these 
modifications have been related to changes in mood and anxiety-like behavior [41]. Similarly, 
Arc mRNA expression was modified by acute MDMA administration in the cortical and 
hippocampal regions of the rat [2], and this immediate early gene is translated to a cytosolic 
protein involved in synaptic plasticity, long-term potentiation and learning [42]. In addition, 
body weight was registered throughout the study, as were circulating levels of leptin and 
corticosterone, two hormones that respond to both cannabinoids [15,43] and MDMA [44,45]. 
Finally, prepro-orexin mRNA expression was analyzed in the hypothalamus since its 
expression is modulated by feeding [46] and these two drugs modify food intake. 
 
 
 
Materials and methods  
All the experiments performed here were approved by the Comité de Experimentación 
Animal (CEA) de la Universidad Complutense, and they were designed and performed in 
compliance with the Royal Decree 1201/2005, October 21, 2005 (BOE nº 252) regarding the 
protection of experimental animals and the European Communities Council Directive of 24 
November 1986 (86/609/EEC). 
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Animals 
Wistar albino rats of both sexes were used in this study. Experiments were carried out on the 
offspring of rats purchased from Harlan Laboratories (Milan, Italy), which were mated (one 
male x two females for ten consecutive days) in our animal facilities approximately 2 weeks 
after their arrival. After mating, female rats were housed individually and the animals were 
monitored daily for parturition. On the day of birth, postnatal day (pnd) 0, the litters were 
adjusted and sex balanced to eight pups per dam (four males and four females). At weaning 
(pnd 22), male and female rats were housed separately as pairs of sibling animals. A total of 
128 male and female animals from 16 litters were used in the experiments. All the animals 
were maintained under constant conditions of temperature (22±2 ºC) and humidity (50±2 %) 
on a reverse 12 h dark/light cycle (lights on at 20:00), with free access to food (commercial 
diet for rodents A04/A03; Safe, Augy, France) and water. It is worth mentioning that the stage 
of the estrous cycle was not examined in these studies. Given the length of the experimental 
protocol, we preferred not to perform periodic vaginal smears that would represent an 
additional source of stress to our animals and thus, might become a confounding factor in our 
study. 
Drug treatments 
Delta-9-tetrahydrocannabinol (THC, commercialized as dronabinol) was purchased from 
THC Pharm GmbH (Frankfurt, Germany) and dispersed in ethanol, cremophor (Sigma-
Aldrich, Spain) and saline (1:1:18) as described previously [15,47]. 3,4-
methylenedioxymethamphetamine (MDMA) hydrochloride was purchased from Lipomed 
(Arlesheim, Switzerland) and solutions were prepared daily in saline (0.9% NaCl). 
Drug treatments were administered only during adolescence, from pnd 28 to pnd 45 [48]. 
During this period, rats received intraperitoneal injections of increasing doses of THC (2.5 
mg/kg from pnd 28 to 34; 5 mg/kg from pnd 35 to 40; 10 mg/kg from pnd 41 to 45) or of the 
vehicle alone, according to a protocol slightly modified from [34]. Additionally, every five 
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days, from pnd 30, the animals received two daily injections of MDMA (10 mg/kg, s.c., 
calculated as the salt) or saline (Sal), with an inter-dose interval of 4 h (at approximately 
10.00 and 14.00). This follows a protocol modified from Meyer et al. (2008) where the 
authors reported similarities between the model and the effects of regular weekend ecstasy 
consumption [35]. Both drugs were administered at a volume of 2 ml/kg (see Fig. 1 for 
details). 
 
Insert FIGURE 1 around here 
 
Body weight control 
Body weight (BW) was registered daily during the administration period, from pnd 28 to 45, 
and every five days thereafter, from pnd 50 to 70. The evolution of BW was calculated as the 
difference in BW in relation to the reference value at pnd 30. Two periods were considered 
for statistical analyses: during drug administration, adolescence; and as young adults once 
drug administration was withdrawn (from pnd 50 to 70). 
Body temperature measurements  
Body temperature was measured by placing an electronic thermocouple rectal probe RTM-1 
(Cibertec S.A., Madrid, Spain) in the rectum for 10 s. Rectal body temperature was measured 
on the first (pnd 30) and the last day (pnd 45) of MDMA (or Sal) administration. Body 
temperature was measured just before first MDMA (or Sal) injection, for baseline measures, 
and then, one and two hours later. Four hours later, immediately before the second MDMA 
(or saline) injection, body temperature was again registered, as well as one hour after.  
Behavioral testing 
Holeboard. On pnd 46, animals were placed in the testing room for a 30 min. habituation 
period. The holeboard consisted in a squared arena (60 cm x 60 cm x 45 cm) with matte-
painted metallic walls, and a plastic-covered wooden floor divided into 36 equal squares (10 
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cm x 10 cm) and bearing four equally distant holes (3.8 cm in diameter). Animals were placed 
in the peripheral area of the arena for 5 min. under red light conditions and the animals’ 
behavior was video recorded (Sony DCR-DVD310E) for subsequent evaluation. Rearing 
frequency (number of times that the animal stood on its rear limbs, vertical activity), and the 
frequency and duration of head-dipping exploration were recorded (RCV, Cibertec, Madrid, 
Spain). Locomotor activity in each region of the arena was measured by video tracking the 
animals (SMART version 2.5.20, Panlab, S.L.U, Barcelona, Spain) and the percentage of 
internal ambulation was calculated as an index of emotionality. Three animals accidentally 
fell out of the arena through one of the holes and were thus excluded from the analysis of the 
holeboard data. Nonetheless, these animals were submitted to the elevated plus maze in order 
to match the animals’ conditions, although their behavior was not considered in the 
corresponding statistical analysis. The apparatus was carefully cleaned between tests on 
different animals with a 20% (v/v) ethanol solution.  
Elevated plus-maze. The elevated plus-maze (EPM) is formed by two open arms (50 cm x 10 
cm) and two equally sized enclosed arms with 40 cm high walls, arranged so that the arms of 
the same type are opposite one another. The junction of the four arms formed a central square 
area (10 cm x 10 cm). The apparatus was made of opaque black polyvinyl chloride (PVC) 
elevated to a height of 62 cm. On pnd 46, immediately after exposure to the holeboard, the 
animals were placed in the central platform of the apparatus facing one of the enclosed arms, 
and they were allowed to freely explore the maze for 5 min. under conditions of dim red light. 
Whenever an animal entered an arm with all four limbs, it was considered a visit, and the 
frequency and duration of the visits to the open and closed arm were recorded. Some animals 
fell from the plus-maze and were excluded from the analysis. Open arm entries and the time 
spent in the open arms was calculated as a percentage of the total entries into the arms and the 
total time spent in both arms, respectively, since these are considered the most relevant 
parameters related to anxiety in this test. By contrast, total arm entries were considered as an 
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index of general motor activity [36]. The apparatus was carefully cleaned between tests on 
different animals with a 20% (v/v) ethanol solution. 
Novel object test. The novel object test (NOT) was performed in a square arena (60 cm x 60 
cm x 45 cm) with matte-painted metallic walls and a plastic-covered wooden floor divided by 
white painted lines into 36 squares (10 cm x 10 cm). The test was performed as described 
previously by [37], with some minor modifications [16]. Animals were allowed to freely 
explore the arena for 5 min. under dim light conditions on 5 consecutive days (habituation 
period). On the first day of habituation (pnd 70), the arena was used as an open field and the 
animals´ general activity was video recorded for subsequent behavioral evaluation (RCV, 
Cibertec, Madrid, Spain) and its locomotor activity was analyzed by video tracking (SMART, 
Panlab, S.L.U, Barcelona, Spain). Total ambulation and rearing frequency were registered, 
and the percentage of time spent in the internal area of the arena was calculated by dividing 
the time spent in the interior of the arena by the total duration of the test (5 min.), and then 
multiplying the resulting fraction by 100. On the test day (pnd 75), the rats were first exposed 
to two identical objects (two plastic boxes) until they explored the objects for 30 s or for a 
maximum period of 4 min., training session. Following a 4 h inter-trial interval, the rats were 
exposed to one of the previously encountered objects (familiar object, F1 or F2) and to a 
novel, unfamiliar object (metallic colored box, N) for 3 min., test session. The objects were 
not bigger than twice the size of a rat and they were located in contiguous corners, at a 
distance of 10 cm from the walls. At the beginning of each session, the animals were placed in 
the center of the apparatus facing the wall opposite to the objects. For each animal, the 
position of the objects was not changed between the training and the test session. However, 
the objects’ position was changed between animals in order to avoid spatial preference. The 
apparatus and the objects were carefully cleaned between tests on different animals with a 
20% (v/v) ethanol solution. Both training and test sessions were video recorded (Sony DCR-
DVD310E) and the animals’ behavior was later evaluated by an experienced observer by 
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means of event-recorder software (RCV, Cibertec, Madrid, Spain). The time spent exploring 
the objects during the two sessions was registered, whereby exploration of an object was 
considered whenever animals pointed their nose toward an object at a distance ≤1 cm, while 
turning around, climbing and/or biting the objects was not considered as exploration [16, 37]. 
In the test session, the discrimination index was calculated as the difference between the time 
spent exploring the novel object (N) and the familiar one (F1 or F2) in relation to the total 
time spent exploring the objects [(N-F)/(N+F)]. Negative discrimination index values were 
transformed to zero since we assumed that animals exploring the familiar object longer than 
the novel one were not able to discriminate between the objects. Animals that explored for 
less than 30 s during the training session and those exclusively exploring only one of the 
objects during the test session were excluded from the statistical analyses. 
Prepulse Inhibition. The startle device consisted of a non-restrictive Plexiglas cage (28 cm x 
16 cm x variable height) which encloses the sensor’s platform but does not touch it. If the 
animal moves up or down, a transient force is developed on the platform and this transient 
force is measured at its peak, which represents the measure of the amplitude of the startle 
response. The rat’s startle movements were transduced using an accelerometer and the data 
were monitored through a computer by using the MONRS v2.0 software (Cibertec S.A., 
Madrid, Spain). The startle response was recorded over 100 ms immediately following the 
pulse, with the startle device located in a constantly illuminated, sound-attenuating chamber 
(56 cm x 14 cm x 58 cm) and with a loudspeaker located in the top of the chamber. 
On pnd 84, rats were placed in the startle chamber for a 5 min. habituation with 65 dB white 
background noise. The rats were then subjected to 10 startle trials (120 dB, 20 ms in 
duration), while for the prepulse inhibition (PPI) measurements animals were exposed to 10 
blocks of five trials during which they were exposed to: 1) no startle stimulus (baseline 
activity, 65 dB); 2) the startle stimulus alone (120 dB, 20 ms. in duration); and 3) a startle 
stimulus occurring 100 ms. after the auditory prepulse (73, 75 or 80 dB, 20 ms. in duration). 
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The startle stimuli were presented at a variable inter-trial interval of 10 to 20 s, which 
occurred in a semi-random manner with the restriction that each trial type had to occur in 
every five trial blocks. The cage was cleaned with a 20% ethanol solution between tests on 
different animals. The amount of PPI is expressed as the relative decrease in the amplitude of 
the startle response caused by the presentation of a prepulse and it was calculated according to 
the formula: 100 x [(startle stimulus reactivity - startle stimulus reactivity in the presence of a 
prepulse)/startle stimulus reactivity] [38]. Animals that responded less to the startle stimulus 
alone than to the no startle stimulus in more than one block during the test session were 
excluded from the analyses.  
Plasma endocrine measurements 
Blood samples were collected from the tail vein shortly after drug withdrawal, on pnd 50, into 
ice-cold EDTA capillary tubes (Microvette CB300, Sarsted, Granollers, Spain), and from the 
trunk at sacrifice (pnd 89-92), in vacuum blood collection EDTA tubes (Vacutest Plast, Kima, 
Arzergrande, Italy). The blood samples were centrifuged (3,000 rpm, 15 min. at 4°C), the 
plasma obtained and stored at -30 °C until hormones were measured. 
Corticosterone was measured using a solid phase 125I radioimmunoassay (ImmuchemTM 
Corticosterone kit, MP Biomedicals, Orangeburg, NY, USA) with a detection limit of 7.7 
ng/ml, and intra-assay and inter-assay coefficients of variation less than 10%. Leptin was 
measured with an ELISA kit (B-Bridge International, Inc. Mountain View, CA, USA) 
according to the manufacturer’s instructions. The assay sensitivity for the leptin assay was 0.5 
ng/ml, with an inter-assay variation 6.5% and intra-assay variation of 3.7%. Absorbance in 
each well was measured using a microplate reader (Tecan Infinite M200 (Grödig, Austria) 
and the plasma concentrations calculated from the standard curve. All samples were run in 
duplicate and plasma hormone concentrations were calculated from the standard curve.  
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Brain processing and analysis 
At adulthood (pnd 89-92), animals were sacrificed by decapitation and their brain was rapidly 
extracted and dissected on ice. The frontal cortex, hippocampus and hypothalamus were 
obtained and stored at -80°C.  
Immunoblotting of the frontal cortex and hippocampus. Protein samples were prepared as 
described previously [49] and they were analyzed in western blots probed with antibodies 
against ERK1/2 and phospho-ERK1/2 (Thr202/Tyr204: Sigma, Madrid, Spain), against Arc 
(Cell Signaling Technologies, Beverly, MA, USA) and against glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH: Santa Cruz Biotechnologies, Santa Cruz, CA, USA). The blots were 
re-probed with GAPDH to ensure accurate protein loading. Optical densities of relevant 
immunoreactive bands were quantified after acquisition on a ChemiDoc XRS System (Bio-
Rad, Hercules, CA, USA) controlled by the Quantity One software version 4.6.3 (Bio-Rad, 
Hercules, CA, USA). The data were expressed as the relative change in optical density with 
respect to the male or female control group, considered as 100%. Since samples from male 
and female animals were analyzed in separate blots, sex-dependent effects could not be 
analyzed for these measurements. 
Quantitative real-time PCR analysis of the hypothalamus. Total RNA was isolated using 
the RNeasy Mini Kit (Qiagen® GmbH, Hilden, Germany), following the manufacturer's 
instructions, and the quality of the total RNA was assessed through the spectrophotometric 
ratio A260/A280 (1.9 to 2.1), while the total RNA concentration was measured using a 
NanoDrop™ spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Reverse 
transcription was performed with 0.5 µg of total RNA from each animal to produce 
complementary DNA (cDNA) in a 20 μl reaction with 200 units of SuperScript III Reverse 
Transcriptase (Invitrogen, Carlsbad, CA, USA) and 500 ng oligo(dT)15 primers. The cDNA 
obtained was diluted 1:10 and stored at -20ºC for later use. The reactions were carried out at 
25°C for 10 min, then 50 min at 42°C and 15 min at 70°C. 
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Real-time PCR was carried out on a ABI PRISM® 7700 Sequence Detection System (PE 
Applied Biosystems, Paisley, UK) using the SYBR Green PCR Master Mix (PE Applied 
Biosystems, Paisley, UK), according to the manufacturer’s protocol. Briefly, 4 μl of the 
diluted cDNA template was amplified with SYBR Green in a 10 µl reaction containing 2x 
SYBR Green PCR Master Mix, 0.5 µM of each primer and de-ionized water. The reactions 
were incubated at 50°C for 2 min to activate uracil N-glycosylase, and then for 10 min at 
95°C to inactivate this enzyme and activate the Amplitaq Gold polymerase. Subsequently, the 
reaction was subjected to 40 amplification cycles with a 15 s denaturation at 95°C, 1 min. 
annealing at 60°C, a 15 s extension at 95°C and a final cooling step to 60ºC. The quantities of 
specific mRNA in the sample were measured according to the corresponding gene-specific 
standard curve. All the samples were tested in triplicate and the relative expression values 
were normalized to the expression of GAPDH.  
Primers specific for rat prepro-orexin (GenBank ID: NM_013179; sense, 5'-
ACCACTGCACCGAAGATACCA-3'; antisense, 5'-GGGAAAGTTAGGACTAGGA-3') and 
rat GAPDH (NM_017008; sense, 5'-GCCAGCCTCGTCTCATAGACA-3'; antisense, 5'-
GTCCGATACGGCCAAATCC-3') were used, and the amplified products were separated on 
a 2% agarose gel and stained with ethidium bromide to confirm the specificity of the primers. 
The quantities of specific mRNA in the sample were measured according to the corresponding 
gene-specific standard curve. All the samples were tested in triplicate and the relative 
expression values were normalized to the expression of GAPDH. Samples were analyzed by 
the double delta CT (ΔΔCT) method and the ΔΔCT values were calculated as the ΔCT of 
each test sample (different pharmacological treatments) minus the mean ΔCT of the calibrator 
samples (male or female Vh-Sal – control – group) for the prepro-orexin gene. The fold 
change was calculated using the equation 2(− ΔΔCT). Since the samples from male and female 
animals were assayed separately, sex-dependent effects could not be analyzed for this 
parameter. 
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Statistical analysis 
Behavioral, physiological and endocrine data were analyzed by a three-way analysis of 
variance (ANOVA) with the factors sex (males vs. females), cannabinoid treatment (Vh vs. 
THC) and intermittent MDMA administration (Sal vs. MDMA). Due to the analytical 
limitations indicated above, the immunoblotting and PCR data were analyzed by two-way 
ANOVAs split by sex. Repeated measures ANOVAs were employed to analyze of the gain in 
body weight and temperature measurements. In the case of sphericity violation, a 
Greenhouse-Geisser correction was chosen to study the within-subjects factor effects. 
Additional two-way ANOVAs split by one of the independent factors (sex or pharmacological 
treatment) were performed to further clarify the results obtained. Normality and 
homocedasticity were assessed with Kolmogorov-Smirnov and Levene tests, respectively. 
When necessary, the data were transformed to achieve a normal distribution and when a 
normal distribution could not be achieved by transforming the data, the Kruskal-Wallis non-
parametric test was performed. The frequency of events (i.e. deaths and falls from the EPM) 
was analyzed with a chi-squared test. Post hoc comparisons using the Tukey test were 
performed with a level of significance set at p < 0.05. All statistical analyses were carried out 
with the SPSS 19.0 software package (SPSS Inc., Chicago, IL, USA).  
 
 
Results 
Body Weight gain 
During drug treatment (adolescence) the rats gained significant body weight with age [F(2.5, 
277.9) = 4579.31; p<0.001]. Significant sex differences were observed [F(1,110) = 276.55; 
p<0.001], with the body weight gain of males being higher than that of females, and there 
were significant effects of the two drugs employed, THC [F(1,110) = 102.58; p<0.001] and 
MDMA [F(1,110) = 98.78; p<0.001]. Moreover, a significant interaction between sex and 
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MDMA administration was also detected [F(1,110) = 5.63; p<0.05]. Early during drug 
treatment (from pnd 31), animals administered MDMA showed a reduced rate in body weight 
gain that persisted until the last day of drug administration (pnd 45) in both males and 
females. In turn, THC administration during adolescence decreased the growth of male and 
female rats, although this effect was only evident from pnd 35 among males, while it was 
evident from pnd 31 in females. Both male and female adolescent animals treated with the 
combination of chronic THC and intermittent MDMA showed the lowest rate in body weight 
gain throughout the drug administration period (Fig. 2, left panels).  
Following drug withdrawal, body weight gain still changed significantly with age [F(2.4, 
262.2) = 2889.1; p<0.001]. In addition, significant effects of sex [F(1,110) = 1047.35; 
p<0.001] and the two drugs employed, THC [F(1,110) = 41.60; p<0.001] and MDMA 
[F(1,110) = 12.21; p<0.01], were still observed. Adolescent THC exposure induced a long-
lasting reduction in body weight gain in male and female animals. However, this effect 
seemed to persist longer in males, an effect of THC on body weight gain was only observed in 
males at pnd 70 and not in females. Similarly, intermittent adolescent MDMA administration 
persistently reduced body weight in male animals (until pnd 65), whereas in females this drug 
seemed to decrease the gain in body weight only shortly after drug cessation (pnd 50), with 
this effect disappearing as these animals aged (Fig. 2, right panels). 
 
Insert FIGURE 2 around here 
It is worth mentioning that five animals died during the present experiment, all of which 
received MDMA (two males and three females), and two of which were chronically 
administered with the vehicle alone, while three chronically received increasing doses of 
THC. The frequency analysis of the death rate between saline (no deaths) and MDMA 
administered animals (5 out of 64) was 7.8%, reflecting a significant effect of this drug 
(χ2=5.20, p<0.05) in the absence of significant differences in the death rates depending upon 
Llorente-Berzal et al.   16 
sex or cannabinoid administration. Since the animals’ rearing conditions changed when the 
cage partner died, the surviving sibling animal housed in the same cage was also removed 
from the statistical analyses. 
 
Body temperature measurement 
The rats’ body temperature was analyzed by comparing the changes from the first (pnd 30) 
and last (pnd 45) days of MDMA administration (Fig. 3). Rectal temperature was measured 
just before the first MDMA (or Sal) injection (baseline), and then one, two and four hours 
later, as well as immediately before the second MDMA (or Sal) injection and one hour later. 
On the two days of body temperature measurement, rectal temperature changed significantly 
over the time-points selected for the measures [pnd 30, F(3.56,391.25) = 125.43; p<0.001 and 
pnd 45, F(3.29,360.87) = 74.62; p<0.001 respectively]. On the first day of MDMA 
administration, a baseline body temperature of 37.5 ± 0.08 ºC and 37.8 ± 0.08 ºC was 
recorded in male and female animals, respectively. On pnd 30, a significant overall effect of 
MDMA on body temperature was observed [F(1,110) = 188.29; p<0.001], together with a 
significant THC x MDMA interaction [F(1,110) = 5.11; p<0.05]. Further analyses revealed 
that MDMA significantly increased body temperature (i.e.: it caused hyperthermia) in both 
male and female adolescent animals [F(1,56) = 101.28; p<0.001 and F(1,54) = 87.48; 
p<0.001], whereas the significant THC x MDMA interaction was only evident among female 
animals [F(1,54) = 4.63; p<0.05]. Thus, THC administration seemed to counterbalance the 
MDMA-induced hyperthermia exclusively among females (Fig. 3, upper panels). 
On pnd 45, significant overall effects of sex [F(1,110) = 8.13; p<0.01] and MDMA 
administration [F(1,110) = 169.82; p<0.001] were observed. Changes in body temperature 
were larger in males than females and MDMA administration induced a significant increase in 
body temperature (hyperthermia) on pnd 45, independently of the animal’s sex, indicating no 
habituation to this hyperthermic effect (Fig. 3, lower panels). 
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Insert FIGURE 3 around here 
 
Behavioral testing 
To facilitate the reading and comprehension of the behavioral results, the corresponding 3-
way ANOVA data have been included in table 1 
 
Insert TABLE 1 around here 
 
Holeboard. Neither of the drugs tested here produced significant effects on the overall 
locomotor activity, i.e.: total ambulation (Table 1). However, THC produced a significant 
effect on the percentage ambulation in the central region of the arena (Table 1), such that it 
decreased the distance traveled in the central zone (Table 2). By contrast, hole-directed 
explorative behavior was notably affected by MDMA administration, and both the frequency 
and time spent exploring the holes of the arena were significantly lower in animals that were 
administered this drug (see Table 1 and 2).  
 
Insert TABLE 2 around here 
 
It is worth mentioning that the 3 animals that accidentally fell out of the arena through one of 
the holes came from different experimental groups: one male THC-MDMA, one female Vh-
MDMA, and another female THC-Sal. Thus, this event seems not to be related to a specific 
drug treatment. 
Elevated plus-maze. MDMA had a significant effect on the closed arm entries when 
analyzed with the Kruskal-Wallis test (Table 1). MDMA reduced the number of visits to the 
closed arms, indicating a decrease in general locomotor activity. No significant differences 
were found in the number of open arm entries, although the ANOVA of the percentage of 
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time spent in the open arms rendered a significant overall effect of sex and of MDMA. In 
order to confirm that this effect was independent from the reduced motor activity induced by 
the drug, we performed an additional analysis of the percentage of time spent in the open arms 
considering the closed arm entries as a covariate, confirming the effects of both factors [sex 
effect: F(1,80) = 4.06; p<0.05; and MDMA effect: F(1,80) = 4.99; p<0.05]. In summary, 
adolescent female rats explored the open arms of the maze for longer than the corresponding 
males, and MDMA administration increased the exploration time in the open-arms, 
independently of the MDMA-induced decrease in motor activity (Fig. 4).  
 
Insert FIGURE 4 around here 
 
It is worth mentioning that MDMA-treated animals more often fell from the EPM than saline-
treated animals (χ2=10.53, p<0.01), with 19 out of 33 MDMA-treated animals falling from the 
EPM as opposed to 7 out of 56 saline treated animals. More specifically, the 26 animals that 
fell off the maze were distributed as follows: males: Vh-Sal (2), Vh-MDMA (5), THC-Sal (2), 
and THC-MDMA (4); females: Vh-Sal (2), Vh-MDMA (3), THC-Sal (1), and THC-MDMA 
(7). 
Open field. In this test, a significant overall effect of sex was detected on total ambulation 
and frequency of rearing (Table 1), and as expected, females displayed greater motor activity 
than males (horizontal and vertical: see Table 3). In terms of the time spent exploring the 
interior of the arena, THC produced a significant overall effect, and there was a significant 
interaction between THC and MDMA (Table 1). THC administration decreased the time 
animals spent exploring the central region of the open field, indicative of increased 
emotionality/anxiety. MDMA induced a similar effect that was only evident in vehicle-treated 
animals [F(1,56) = 4.20; p<0.05], and not in THC-treated animals, possibly due to the low 
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exploration of the internal zones of the arena exhibited by animals that had received THC 
(“floor effect”).  
Insert TABLE 3 around here 
 
Novel Object Test. In the novel object test, an analysis of the discrimination index revealed a 
significant overall effect of sex, together with a significant interaction between sex and THC 
(Table 1). Additional analyses revealed that adolescent THC administration exclusively 
affected female animals [F(1,50) = 9.08; p<0.01] and it did not modify this memory index in 
males. In addition, object exploration during the test session was significantly affected by the 
administration of MDMA, which decreased the time animals spent exploring both objects (see 
Table 1 and Fig. 5). As previously indicated, we excluded from the analyses any animals that 
explored the objects for less than 30 s in the training session, as well as those that only 
explored one of the objects in the test session. A total of 8 animals from the following 
experimental groups were disqualified based on these criteria: males from the Vh-Sal (1), Vh-
MDMA (2), THC-Sal (1) and THC-MDMA (3) groups; females from the Vh-Sal (1), Vh-
MDMA (1), THC-Sal (0) and THC-MDMA (2). 
 
Insert FIGURE 5 around here 
 
Prepulse inhibition test. PPI responses to the three pre-pulse intensities were analyzed 
independently (Table 1) and for each pre-pulse intensity there was a significant overall effect 
of sex, suggesting that the sensorimotor gating was weaker in females than in males. A 
significant overall effect of MDMA was observed for 75 and 80 dB pre-pulse intensities and 
indeed, there was a significant interaction between THC and MDMA for the intermediate pre-
pulse intensity (75 dB: Table 1). A more in depth analysis revealed that MDMA 
administration only reduced the percentage PPI response in animals that were also 
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administered THC [F(1,52) = 8.63; p<0.01]. To summarize, adolescent MDMA 
administration significantly decreased the percentage of PPI at the highest pre-pulse intensity 
(80 dB), while following an intermediate pre-pulse stimulus (75 dB) this MDMA effect was 
only effective in reducing PPI response in combination with THC administration (Fig. 6). No 
significant effect of THC per se was found. Four animals (2 males Vh-MDMA and 2 females 
THC-MDMA) were excluded from this analysis since they responded less to the startle 
stimulus alone than to the no startle stimulus in more than one block during the test session. 
 
Insert FIGURE 6 around here 
 
Hormone levels 
Plasma corticosterone. When the corticosterone levels were analyzed by age, a marked 
sexual dimorphism for this endocrine parameter was evident at the two time points selected 
[pnd 50, F(1,62) = 66.99, p<0.001; and around pnd 90, F(1,62) = 62.11, p<0.001]. Plasma 
corticosterone levels were higher among females than males at both ages. While chronic THC 
administration during adolescence did not affect basal corticosterone levels in either sex, 
intermittent MDMA exposure significantly diminished long-term male corticosterone levels 
[F(1,32) = 4.52; p<0.05] (Table 4). 
Plasma leptin. Circulating leptin levels were also analyzed at two different time points, in 
adult (around pnd 90) and in younger rats (pnd 50). In adult animals, there were clear sex 
differences in plasma leptin levels [F(1,53) = 25.56, p<0.001] in the absence of any drug-
induced effect, with males showing higher leptin levels than the corresponding females. By 
contrast, no effects of sex were observed among the younger animals (pnd 50), although at 
this age the statistical analysis revealed a residual significant effect of chronic THC 
administration [F(1,52) = 3.36, p=0.073]. Indeed, THC induced a significant decrease in 
leptin levels in females alone (p=0.05: Table 4).  
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Insert TABLE 4 around here 
 
Protein expression in the frontal cortex and hippocampus 
Activity-regulated cytoskeletal-associated protein (Arc). Arc immunoreactivity was 
analyzed independently in male and female animals. While no significant differences in Arc 
expression were observed in the prefrontal cortex of male animals, THC administration 
produced a significant overall decrease in Arc protein in the prefrontal cortex of THC-treated 
females [F(1,14) = 7.67; p<0.05]. Within the hippocampus, THC administration produced a 
significant overall decrease in Arc protein in both adult males [F(1,14) = 7.81; p<0.05] and 
females [F(1,14) = 46.38; p<0.001]. In addition, there was a significant overall effect of 
MDMA treatment [F(1,14) = 5.31; p<0.05], as well as a significant interaction between THC 
and MDMA [F(1,14) = 11.08; p<0.01]. Indeed, MDMA exposure exclusively reduced Arc 
immunoreactivity in THC-treated females [F(1,7) = 13.51; p<0.01], with this drug producing 
no effect of this drug in animals administered MDMA and the vehicle for THC alone (Fig. 7, 
upper panels). 
Phospho-ERK 1/2. Phospho ERK1/2 was also analyzed separately in male and female 
animals and there was a large significant overall reduction in phospho ERK1/2 in the 
prefrontal cortex of adult males following adolescent intermittent MDMA administration 
[F(1,13) = 19.14; p<0.01] (Fig. 7, lower left panel). No changes in phospho ERK1/2 
immunoreactivity were observed in the prefrontal cortex of females or in the hippocampus of 
either sex (Fig. 7, lower panels). 
 
Insert FIGURE 7 around here 
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Hypothalamic prepro-orexin mRNA expression 
In separate two-way ANOVAs performed according to sex failed no significant difference in 
hypothalamic prepro-orexin mRNA expression was observed in female rats, while there was a 
significant THC and MDMA treatment interaction [F(1,17)=5.07; p<0.05] among males. THC 
administration decreased the amount of prepro-orexin mRNA in the hypothalamus of animals 
[F(1,9)=12.17; p<0.01], whereas such an effect was no longer evident in those rats that also 
received MDMA (Table 5).  
 
Insert TABLE 5 around here 
 
 
Discussion 
Cannabis and MDMA are among the most common illicit substances consumed by 
adolescents, yet the outcomes of the concurrent consumption of both substances remain 
unclear. Whereas a recent study reported behavioral effects of this combination in male rats 
[27], to the best of our knowledge this is the first study to analyze sexual dimorphisms 
directly and adopt a multidisciplinary assessment from molecular to behavioral, including an 
endocrine and metabolic analyses of the effects of combining these two drugs. 
Body weight and temperature 
In this study, THC administration during adolescence decreased the body weight gain in rats 
[15,34] and this effect appeared earlier in females than males. This effect may be related to 
the typical reduction of food intake observed after chronic cannabinoid administration [17], 
which might be secondary to the down-regulation of CB1 receptors observed in several brain 
regions, including the hypothalamus [50]. MDMA also reduced body weight gain during drug 
treatment, both in males and females, in agreement with previous studies [51]. MDMA 
treatment during adolescence has been shown to impair growth in rats [6] and mice [52], 
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probably due to the anorectic effects of the drug and to the water loss by evaporation resulting 
from enhanced respiration rates [35]. The rate of body weight gain was lowest in male and 
female adolescent animals treated with the combination of chronic THC and intermittent 
MDMA throughout the drug administration period, suggesting that  the effect of these drugs 
may be additive. However, this  possibility was not reported in a previous study performed on 
adolescent male rats [27]. In addition, significant long-term effects  were still observed after 
drug cessation, although these long-term effects were sex dependent since they persisted 
longer in male rats which still displayed a decreased body weight gain on pnd 70 after THC 
treatment. Similarly, adolescent MDMA treatment persistently reduced body weight in male 
animals until pnd 65, whereas this treatment only decreased body weight gain over a shorter 
period (pnd 50) in females. 
As expected, MDMA caused hyperthermia on the first day of injection in both male and 
female adolescent animals (pnd 30), consistent with previous studies performed on adult [53] 
and adolescent rats [27]. By contrast, THC administration alone did not modify body 
temperature. Although THC has been reported to induce hypothermia in rodents, the effects of 
cannabinoids on body temperature are quite variable and may depend on the dose used and 
the ambient temperature, among other factors [27,54]. Interestingly, THC attenuated MDMA-
induced hyperthermia in females during the first day of injection. Indeed, concurrent 
administration of either THC or the synthetic cannabinoid agonist CP 55,940 has been seen to 
prevent MDMA-induced hyperthermia [26,27]. In the present study these interactions were 
further analyzed after chronic treatment. While MDMA-induced hyperthermia did not 
develop tolerance over days, THC only counteracted the hyperthermic effect of MDMA on 
the first day of injection. Therefore, this putative protective effect of THC on MDMA-induced 
hyperthermia may not be representative of current human habits of consumption, which 
would be more closely modeled by chronic studies. Moreover, species differences could be 
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important since THC did not attenuate MDMA-induced hyperthermia in humans but rather, it 
may even enhance it [55].  
Behavioral outcomes 
General activity in the holeboard was not modified by the different drug treatments. However, 
THC decreased the distance traveled in the interior of the arena, while hole-directed 
explorative behavior was modified by MDMA. In fact, both the frequency and the time spent 
exploring the holes were decreased by MDMA, in agreement with previous results [27]. 
These data suggest that one day after the pharmacological treatment both drugs increased 
emotionality or anxiety in this model. By contrast, MDMA administration increased the open-
arm exploration in the EPM, which can be interpreted as an anxiolytic-like effect [36] or as an 
increase in risk-taking behavior [15,56]. The fact that MDMA-treated animals fell more often 
from the EPM suggests enhanced risk taking and impulsivity. Indeed, previous data suggests 
that intermittent adolescent MDMA exposure causes increased impulsivity in the EPM 
[27,35], consistent with the results obtained in ecstasy users [57,58]. Both, THC and MDMA 
given alone decreased the time spent exploring the central region of the open field, which 
further supports increased emotionality/anxiety and the possible enhancement of impulsivity 
in the EPM. Accordingly, adolescent MDMA administration in rats [51] and humans [59] 
may lead to increased anxiety in adulthood. Sex differences were revealed in these tests since 
adolescent female rats explored the open arms of the EPM for longer than males and they 
displayed greater motor activity in the open field, consistent with our previous findings [16].  
In the NOT, THC administration during adolescence affected memory in adult female 
animals, suggesting an enhanced vulnerability of this sex to the long-term effects of THC on 
certain emotional and cognitive responses. Accordingly, chronic THC consumption by 
adolescent rats induces depressive-like behavior in adult female but not male rats [34]. The 
peripubertal period appears to be critical for the development of the endocannabinoid system 
and chronic cannabinoid exposure during this period may lead to persistent functional 
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impairment of the endocannabinoid system [19,20,28]. Indeed, chronic cannabinoid 
administration during the periadolescent period induces persistent memory impairment in 
adult rats [16,18]. Moreover, chronic THC administration produces a long-lasting impairment 
of the spatial working memory in adult rats [60], although this alteration may not be produced 
with lower doses of THC [61].  
The greater sensitivity of female adolescents to the deleterious effects of cannabinoid 
exposure is evident in both humans and rodents [62]. These sex differences might be related 
to baseline sex differences in the density and activity of brain CB1 receptors. Indeed, female 
rats display higher CB1 receptor-mediated G protein activation in the hippocampal formation 
than males [16], probably to compensate for the lower density of CB1 receptors in this brain 
area in females [63]. Gonadal hormones inducing brain sexual differentiation during perinatal 
and periadolescent periods, particularly estradiol, seems to be critically involved in the 
sexually dimorphic effects of cannabinoids in adults (see [20] and [62] for review). 
Pharmacokinetic factors may also be involved in these differences in response to 
cannabinoids since the cytochrome P450 responsible for cannabinoid metabolism appears to 
be sex-specific in rats, as witnessed by the preferential metabolism of THC to its highly active 
metabolite in females but not in males. In addition, THC is stored in fatty tissue that tends to 
be more prevalent in females than males, which may also influence the distribution and 
excretion of THC. These differences in metabolism may contribute to the more pronounced 
effects of THC in female rodents and humans [64]. 
The early adolescent period appears to be associated with a unique vulnerability to some of 
the adverse effects of cannabinoids. Thus, acute and chronic administration of the 
cannabinoid agonist WIN55,212-2 induced more severe cognitive and social behavioral 
disturbances in pubertal than in adult rats [65]. These long-term cognitive effects of 
adolescent cannabinoid exposure seem to be related to impaired synaptic function in the 
hippocampus [60,63]. Indeed, early-onset cannabis users exhibit poorer cognitive 
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performance than late-onset users or control subjects [66]. Under the present experimental 
conditions, MDMA did not modify long-term cognitive responses in the NOT, in agreement 
with previous studies [51]. However, MDMA may be detrimental to cognition in other 
paradigms of working memory in rats [67], as well as to working memory [68] and 
associative learning [69] in current and abstinent human users. It has been suggested that a 
critical period may exist between pnd 11-20 for the long-term effects of MDMA on cognition 
[70]. The results presented here also indicate that general object exploration during the test 
session was impaired by MDMA treatment, which may suggest a poorer attention capability, 
consistent with the results obtained in the PPI test.  
Prepulse inhibition of the acoustic startle response has been widely used as a measure of 
sensorimotor gating and deficient PPI has been reported in several neuropsychiatric disorders 
[38]. Drugs that release serotonin, such as MDMA, acutely impair sensorimotor gating [71] in 
a dose-dependent manner in both sexes [32], although no effect of MDMA was reported after 
repeated intermittent administration [72]. The present results show that adolescent MDMA 
administration decreased PPI performance in adulthood. Therefore, adolescent animals seem 
to be particularly vulnerable to the effects of MDMA on PPI considering the negative results 
obtained with this administration schedule in adult rats [72], although different experimental 
conditions were used in these two studies. THC did not modify PPI in our experimental 
conditions, in contrast to previous reports showing PPI impairment in adult females after 
adolescent treatment with CP 55,940 [15], as well as in males after peripubertal exposure to 
WIN55,212-2 [17,73]. Thus, the doses of THC used here may not have been sufficiently high 
to impair PPI. At a prepulse intensity of 75dB, MDMA was only effective in reducing PPI 
when combined with THC treatment, suggesting that THC may enhance the effects of 
MDMA and that the combination of both drugs may increase the possibility of developing 
psychiatric symptoms. An impaired PPI is observed in patients suffering from psychotic 
symptoms and personality traits that may enhance drug consumption [74]. Therefore, 
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adolescent MDMA exposure may increase vulnerability to develop psychiatric disorders and 
facilitate the co-abuse of other drugs. 
Hormone levels 
In agreement with previous studies using cannabinoid agonists [15,17], chronic THC 
administration during adolescence did not affect basal corticosterone levels in either sex. By 
contrast, adolescent intermittent MDMA exposure induced a long-term decrease in 
corticosterone levels in male rats. Previous studies reported that acute MDMA treatment 
produced a short-term dose-dependent increase in corticosterone levels [75], and this effect 
produced partial tolerance after two weeks of intermittent treatment [76]. A different protocol 
of daily THC administration and intermittent MDMA treatment every fifth day from postnatal 
day 35 to 60 did not provoke any effect on basal corticosterone levels or the corticosterone 
stress response [27]. These differences with the results of the present study might be due to 
the different experimental conditions. By contrast, elevated baseline cortisol and ACTH levels 
were revealed in experienced human ecstasy users compared to non-using controls [77], 
suggesting species differences in neuroendocrine reactivity to MDMA. As for the majority of 
the parameters studied, corticosterone levels showed a marked sexual dimorphism among 
control animals, with higher circulating hormone levels in females than in males during 
adolescence and adulthood, consistent with previous data from adult [17] and adolescent [47] 
rats. 
Circulating leptin levels were not significantly modified by THC or MDMA, although 
adolescent THC administration tended to decrease leptin levels in female animals consistent 
with the reduced leptin levels revealed in males after chronic adolescent treatment with the 
cannabinoid agonist CP 55,940 [15]. These results suggest that exposure to cannabinoids 
during the periadolescent period may reduce circulating leptin levels, although the extent of 
this effect may depend on the specific cannabinoid agonist, dose and administration schedule 
used. 
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Previous studies suggested that acute MDMA administration induced a transient dose-
dependent effect on serum leptin levels [45], and this may explain the absence of changes in 
leptin levels after a long wash-out period. Sex differences were also revealed among adult 
control animals, with males showing higher leptin levels than the corresponding females, 
although no sex differences were observed in young animals, in accordance with previous 
studies showing higher plasma leptin levels in males than in females only after puberty [78]. 
Neurochemical changes 
Several neurochemical responses were evaluated to identify possible neurobiological 
mechanisms related to the behavioral changes induced in adult animals by chronic exposure to 
THC and/or MDMA. Arc immunoreactivity was first investigated, which is protein rapidly 
modulated in a synaptic activity-dependent manner [79,80]. In the prefrontal cortex, no 
significant differences in Arc were observed in male animals, while a decrease was evident in 
THC-treated females. In the hippocampus, adolescent THC administration decreased the 
accumulation of Arc protien in adult males and females. In addition, an interaction between 
both drugs was found in this brain structure since MDMA exclusively reduced Arc 
immunoreactivity in THC-treated females. Interestingly, local down-regulation of Arc protein 
in the hippocampus using antisense oligodeoxynucleotides selectively impairs the 
consolidation of spatial learning [81], pointing to a possible relationship between the memory 
deficits found in the female rats administered THC and MDMA, and the decrease in Arc 
expression. 
We also investigated phospho-ERK 1/2 immunoreactivity, which has been reported elsewhere 
to be modulated by THC [39] and MDMA [40]. Changes in ERK1/2 phosphorylation have 
been associated with mood changes in animal models [41] and in our experimental setting, 
ERK1/2 signaling was down-regulated in the frontal cortex of adult male rats exposed to 
MDMA during the adolescence, although no significant effects were observed in females. In 
MDMA treated males, ERK 1/2 changes may be related to the behavioral alterations found 
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immediately after the end of the pharmacological treatment in the holeboard test (i.e.: a 
decrease in the frequency and time spent head-dipping, indicative of increased emotionality) 
and in the EPM, where they showed increased risk taking behavior. However, MDMA 
females showed similar short-term behavioral alterations in the holeboard test and in the EPM 
but no changes in their ERK1/2 expression at adulthood. It is known that estradiol exerts 
some of its neuroprotective effects by activating ERK signaling [82]. It is tempting to 
speculate that in females, this gonadal hormone restores this signaling system during the 
wash-out period between the pharmacological treatments administered here and the sample 
collection. In our hands, THC did not induce any significant effect on ERK1/2 signaling 
despite the fact that immediately after acute and chronic treatment with THC, an increase in 
phospho-ERK immunoreactivity has been described in different brain areas [39]. However, in 
our protocol the THC treatment ended long before the biochemical assays were performed 
and therefore, it is likely that ERK1/2 signaling has been totally restored by then. In other 
words, the failure to detect a correlation in the present study may be due to the time that past 
between the behavioral and biochemical evaluations. 
Lastly, THC induced a specific decrease in hypothalamic prepro-orexin expression in male 
animals. Given that CB1R axonal immunoreactivity has been reported in the medial 
hypothalamus [83], the action of THC on hypothalamic CB1 receptors may have induced the 
down-regulation in preproorexin. Indeed, a recent study has demonstrated that CB1 receptor 
agonists modulate the activity of orexin/hypocretin neurons, probably by interacting with 
presynaptic CB1 receptors located on GABA terminals [84]. Moreover, the specific down-
regulation of hypothalamic prepro-orexin found in adult males exposed to THC alone was 
prevented when these rats received both THC and MDMA during adolescence. Interestingly, 
repeated administration of another psychostimulant, cocaine, induces long-lasting potentiation 
of glutamatergic synapses on orexin neurons in mice [85]. A similar excitatory mechanism 
could explain the blockade of the effects induced by THC treatment on orexin expression 
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when combined with intermittent MDMA treatment. No effects were found in females for 
prepro-orexin mRNA levels, which again suggests a neuroprotective mechanism of 
hypothalamic orexin neurons against THC-related impairments in these mice, probably in 
connection with sexual steroids.  
 
Conclusions 
It has been suggested that acute THC and MDMA administration may have opposing effects 
on animals, although their negative effects might be additive when taken chronically [22]. The 
animal model used in this study mimics the current habits of human adolescent consumption 
and thus, it may provide a more reliable picture of the detrimental consequences of polydrug 
abuse than acute experiments, particularly regarding THC and MDMA that are frequently co-
abused among adolescents. Whereas there may be some apparent balancing of the detrimental 
effects of one of the two drugs during an initial exposure, such as in terms of body 
temperature, the opposite seem to occur in the long-term after repeated exposure, as seen here 
for body weight and the PPI response. The reported behavioral effects of THC and/or MDMA 
are possibly related to alterations in neurotransmitter systems that have already been shown to 
be altered after consumption of these drugs. For instance, a depletion of serotorinergic nerve 
terminals in diverse brain regions may be produced by MDMA administration and this may 
underlie the increase in emotionality and risk-taking behavior, as well as the weight loss, 
reported immediately after drug cessation. In turn, the persistent changes in the 
endocannabinoid system induced by chronic THC administration may be related to deficits in 
working memory evident in female animals, and/or with the impairments to PPI responses. 
Further studies will be required to unravel the molecular mechanisms underlying the long-
term behavioral effects of both drugs. 
Despite the experimental limitations, such as the application of only one schedule of drug 
administration, the use of only one dose of MDMA and increasing doses of THC, the 
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selection of this animal model to mimic the current habits of human adolescent consumption 
opens new avenues for translational research in the field of drug consumption. In addition, the 
study of endocrine and neurochemical data in the same animal at different time points allows 
us to establish potential associations, although more additional experiments will be necessary 
to obtain evidence for causal relationships. The data presented revealed diverse sexual 
dimorphisms that are probably due to the organizational effects of perinatal gonadal hormones 
during a critical period of brain sexual differentiation [86], and/or to their organizational 
effects and the activation they produce during the periadolescent period [20,28]. A better 
understanding of the mechanisms underlying the sexually dimorphic effects of cannabinoids 
[20,28] and MDMA [87] will facilitate the development of sex-specific preventive and 
therapeutic strategies. 
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Figure legends 
FIGURE 1 - Timeline of the experimental design. Animals were exposed to increasing doses 
of THC (2.5, 5 and 10 mg/kg or vehicle, i.p.) from pnd 28 to 45, and to MDMA (10 mg/kg or 
saline, s.c.) twice daily every 5 days from pnd 30 to 45 with an inter-dose interval of 4 h (n= 
16 animals per experimental group, see text for details). One day after the last drug 
administration, on pnd 46, the holeboard test (HB) was performed, immediately followed by 
the elevated plus maze test (EPM). The novel object test (NOT) was performed on pnd 75, 
and open-field (OF) data obtained from the first day of habituation to the arena on pnd 71 was 
also used. The animals were submitted to the prepulse inhibition test (PPI) on pnd 84. 
Thereafter, around pnd 90 (pnd 89 - 92), the animals were sacrificed and their brain was 
collected for future analyses. In addition, blood samples were extracted from the tail vein on 
pnd 50 for endocrine measurements, and from the trunk at sacrifice. 
 
FIGURE 2 - Evolution of body weight gain during the drug administration period (left 
panels) and following drug withdrawal (right panels). The animals were exposed to increasing 
doses of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45, and to MDMA (10 mg/kg 
or saline) twice daily every 5 days from pnd 30 to 45 (see text for details). Body weight was 
registered daily during the administration period, from pnd 28 to 45, and every five days from 
pnd 50 to 70 (arrows indicate MDMA/Sal injections). The gain in body weight (in grams, g; 
mean ± S.E.M.) is expressed as the difference in body weight in males (upper panels) and 
females (lower panels) on each experimental day, and pnd 30 was established as the reference 
day. Number of animals per experimental group: males, Vh-Sal (16), Vh-MDMA (14), THC-
Sal (16), THC-MDMA (14); and females, Vh-Sal (16), Vh-MDMA (14), THC-Sal (16), THC-
MDMA (12). According to a repeated measures ANOVA (P<0.05): (e) significant overall 
effect of THC within the same sex group; (g) significant MDMA effect within the same sex 
group. 
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FIGURE 3 - Changes in body temperature on the first (pnd 30) and last (pnd 45) days of 
MDMA administration. Animals were exposed to increasing doses of THC (2.5, 5 and 10 
mg/kg or vehicle) from pnd 28 to 45 and to MDMA (10 mg/kg or saline) twice daily every 5 
days from pnd 30 to 45 (see text for details). The animals’ body temperature was measured 
just before the first MDMA (or Sal) injection to establish the baseline, and then one, two and 
four hours later, the latter immediately before the second MDMA (or Sal) injection, as well as 
one hour after that second injection (arrows indicate MDMA/Sal injections). The figures show 
the change in rectal temperature with respect to the baseline temperature (mean ± S.E.M.) 
expressed in degrees centigrade (ºC). The number of animals per experimental group: males, 
Vh-Sal (16), Vh-MDMA (14), THC-Sal (16), THC-MDMA (14); and females, Vh-Sal (16), 
Vh-MDMA (14), THC-Sal (16), THC-MDMA (12). According to a repeated measures 
ANOVA (P<0.05), (g) represents a significant MDMA effect within the same sex group. 
 
FIGURE 4 - The elevated plus maze test was performed one day after the last drug 
administration, on pnd 46, immediately after the holeboard test. Animals were exposed to 
increasing doses of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45, and twice daily 
to MDMA (10 mg/kg or saline) every 5 days from pnd 30 to 45 (see text for details). 
Histograms (mean ± S.E.M.) show the percentage time spent in the open arms (right panel) 
and the frequency of the closed arm entries (left panel). Number of animals per experimental 
group: males, Vh-Sal (14), Vh-MDMA (9), THC-Sal (14), THC-MDMA (9); and females, 
Vh-Sal (14), Vh-MDMA (10), THC-Sal (14), THC-MDMA (5). According to the Kruskal-
Wallis test and ANOVA (P<0.05): (a) significant overall effect of sex; (c) significant overall 
effect of MDMA treatment. 
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FIGURE 5 – The novel object test (NOT) was performed on pnd 75. Animals were exposed 
to increasing doses of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45 and to MDMA 
(10 mg/kg or saline) twice daily every 5 days from pnd 30 to 45 (see text for details). The 
histograms (mean ± S.E.M.) show the discrimination index (left panel) measured as the 
difference between the time spent exploring the novel object (N) and the time spent exploring 
the familiar one (F1 or F2) in function of the total time spent exploring the two objects during 
the test session [N – F/(N + F)]. The time animals spent exploring both objects during the test 
session is also shown (right panel). Number of animals per experimental group: males, Vh-Sal 
(15), Vh-MDMA (12), THC-Sal (15), THC-MDMA (11); and females, Vh-Sal (15), Vh-
MDMA (13), THC-Sal (16), THC-MDMA (10). According to ANOVA (P<0.05): (a) 
significant overall effect of sex; (c) significant overall effect of MDMA treatment; (e) 
significant overall effect of THC within the same sex group.  
 
FIGURE 6 – The prepulse inhibition test (PPI) was performed at adulthood, on pnd 84. 
Animals were exposed to increasing doses of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 
28 to 45 and to MDMA (10 mg/kg or saline) twice daily every 5 days from pnd 30 to 45 (see 
text for details). The histograms represent the percentage of PPI (mean ± S.E.M.) with three 
different pre-pulse intensities (73, 75 and 80 dB). Number of animals per experimental group: 
males, Vh-Sal (16), Vh-MDMA (12), THC-Sal (16), THC-MDMA (14); and females, Vh-Sal 
(16), Vh-MDMA (14), THC-Sal (16), THC-MDMA (10). According to ANOVA (P<0.05): 
(a) significant overall effect of sex; (c) significant overall effect of MDMA treatment; (f) 
significant MDMA effect among THC-treated animals. 
 
FIGURE 7 – Accumulation of activity-regulated cytoskeletal-associated protein (Arc, upper 
panels) and phosphorylated extracellular signal-regulated kinase (phosphor-ERK1/2, lower 
panels) in the frontal cortex (left panels) and hippocampus (right panels) of adult animals 
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sacrificed around pnd 90. Animals were exposed to increasing doses of THC (2.5, 5 and 10 
mg/kg) or vehicle from pnd 28 to 45, and to MDMA (10 mg/kg) or saline twice daily every 5 
days from pnd 30 to 45 (see text for details). The histograms (mean ± S.E.M.) show the 
relative change in optical density with respect to the male or female control group. Number of 
animals per experimental group (n=4-5). According to ANOVA (P<0.05): (e) significant 
overall effect of THC within the same sex group; (f) significant MDMA effect among THC-
treated animals; (g) significant MDMA effect within the same sex group. 
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Tables 
Table 1. Main results from the statistical analysis of behavioral data.  
Behav. 
test 
Parameter 
analyzed Statistics Sex THC MDMA 
Sex x 
THC 
Sex x 
MDMA 
THC x 
MDMA 
Sex x 
THC x 
MDMA 
HB 
Total 
ambulation 
F (1,107) - - - - - - - 
p-value - - - - - - - 
% internal 
ambulation 
F (1,107) - 4.35 - - - - - 
p-value - <0.05 - - - - - 
Head-dipping 
frequency 
F (1,107) - - 7.64 - - - - 
p-value - - <0.01 - - - - 
Head-dipping 
duration 
F (1,107) - - 8.50 - - - - 
p-value - - <0.01 - - - - 
EPM 
Closed arm 
entries 
H(1) - - 4.97 - - - - 
p-value - - <0.05 - - - - 
% open arm 
entries 
F (1,81) 4.29 - 8.50 - - - - 
p-value <0.05 - <0.01 - - - - 
% time in open 
arms 
F (1,81) 4.32 - - - - 8.21 - 
p-value <0.05 - - - - <0.01 - 
OF 
 
Total 
ambulation 
F (1,110) 64.64 - - - - - - 
p-value <0.001 - - - - - - 
Rearing 
frequency 
F (1,110) 48.72 - - - - - - 
p-value <0.001 - - - - - - 
Internal time F (1,110) - 4.54 - - - 4.74 - p-value - <0.05 - - - <0.05 - 
NOT 
Discrimination 
index 
F (1,99) 5.84 - - 5.86 - - - 
p-value <0.05 - - <0.05 - - - 
Object 
exploration 
F (1,99) - - 6.46 - - - - 
p-value - - <0.05 - - - - 
PPI % PPI 73 dB F (1,106) 4.23 - - - - - - 
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p-value <0.05 - - - - - - 
% PPI 75 dB F (1,106) 8.98 - 5.32 - - 4.24 - p-value <0.01 - <0.05 - - <0.05 - 
% PPI 80 dB F (1,106) 8.89 - 4.57 - - - - p-value <0.01 - <0.05 - - - - 
 
Behavioral tests were carried out on animals that had been exposed in the adolescent period to increasing doses of 
THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45 and to MDMA (10 mg/kg or saline) twice daily every 5 days 
from pnd 30 to 45 (see text for details). Three-way ANOVA analyses were performed, except for on the closed arm 
entries, with factors being sex (males vs. females), neonatal manipulation (control vs. MD) and drug treatment (Sal 
vs. Coc). The main statistical values are shown: F, with degrees of freedom, or H (in the case of Kruskal-Wallis) for 
closed arm entries, and p-values. Non-significant results are not included (-). Behavioral tests: HB, holeboard test; 
EPM, elevated plus maze; OF, open field; NOT, novel object test; PPI, prepulse inhibition test. 
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TABLE 2. Locomotor activity and exploration in the holeboard test 
  
Total ambulation 
(m) 
Internal 
ambulation (%) 
Head-dipping 
(frequency) 
Head-dipping 
(duration, s) 
Males Vh-Sal (16) 23.85 ± 1.31 19.4 ± 2.6 16.8 ± 1.7 29.4 ± 3.4 
Vh-MDMA (14) 21.11 ± 1.45 16.7 ± 1.9 13.0 ± 1.4 c 23.5 ± 3.0 c 
THC-Sal (16) 22.73 ± 1.21 15.2 ± 2.2 b 16.3 ± 1.1 33.1 ± 2.7 
THC-MDMA 
(13) 
23.43 ± 1.06 14.9 ± 1.1 b 14.2 ± 1.4 c 27.9 ± 3.4 c 
Females Vh-Sal (16) 25.95 ± 1.23 15.7 ± 1.6 17.6 ± 1.3 34.2 ± 3.2 
Vh-MDMA (13) 24.21 ± 1.06 18.4 ± 1.4 14.6 ± 1.3 c 26.4 ± 3.3 c 
THC-Sal (15) 23.38 ± 0.79 16.0 ± 1.3 b 17.3 ± 1.6 38.1 ± 3.4 
THC-MDMA 
(12) 
22.68 ± 1.86 13.8 ± 2.6 b 14.3 ± 2.2 c 28.3 ± 5.3 c 
Locomotor and explorative activity was registered in the holeboard test on pnd 46 for male and female 
animals administered with vehicle (Vh) or increasing doses of THC (2.5, 5 and 10 mg/kg) from pnd 28 
to 45, and with saline (Sal) or MDMA (10 mg/kg twice daily) every 5 day from pnd 30 (until pnd 45). 
The data are expressed as the mean ± S.E.M. In parenthesis, the number of animals per experimental 
group. ANOVA (P<0.05), b significant overall effect of THC; c significant overall effect of MDMA 
treatment. 
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TABLE 3. General activity in an square arena 
  Total ambulation (m) Rearing frequency Internal time (%) 
Males Vh-Sal (16) 11.82 ± 1.21 9.3 ± 2.2 14.5 ± 3.9 
Vh-MDMA (14) 9.33 ± 1.12 7.1 ± 1.3 8.7 ± 3.3 d 
THC-Sal (16) 11.87 ± 1.24 11.2 ± 2.9 6.1 ± 2.6 b 
THC-MDMA (14) 9.80 ± 1.39 9.1 ± 2.3 8.0 ± 4.5 b 
Females Vh-Sal (16) 18.86 ± 1.62 a 21.4 ± 4.2 a 14.5 ± 4.4 
Vh-MDMA (14) 17.52 ± 0.87 a 22.6 ± 2.3 a 4.9 ± 0.9 d 
THC-Sal (16) 17.00 ± 0.94 a 20.1 ± 3.2 a 4.2 ± 0.9 b 
THC-MDMA (12) 17.71 ± 1.23 a 24.2 ± 2.8 a 7.1 ± 1.7 b 
Locomotor and behavioral parameters registered on pnd 71 of male and female animals administered 
with vehicle (Vh) or increasing doses of THC (2.5, 5 and 10 mg/kg) from pnd 28 to 45, and with 
saline (Sal) or MDMA (10 mg/kg twice daily) every 5 day from pnd 30 to pnd 45. The data are 
expressed as the mean ± SEM. In parenthesis, the number of animals per experimental group. 
ANOVA (P<0.05), a significant overall effect of sex; b significant overall effect of THC; d significant 
effect of MDMA in vehicle-treated animals. 
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TABLE 4. Endocrine measurements 
TABLE 4. Endocrine measurements 
 Corticosterone Leptin 
 Young Adult Adult Young Adult Adult 
Males Vh-Sal  189.4 ± 49.5 (10) 363.2 ± 50.8 (10) 5.2 ± 0.6 (8) 13.2 ± 2.1 (7) 
 Vh-MDMA  127.9 ± 36.0 (8) 259.8 ± 53.3 g (8) 4.2 ± 0.5 (6) 14.3 ± 2.5 (7) 
 THC-Sal  155. 8 ± 43.5 (10) 333.3 ± 33.9 (10) 4.1 ± 0.6 (8) 12.7 ± 1.5 (9) 
 THC-MDMA  178.7 ± 31.4 (8) 210.4 ± 50.8 g (8) 4.4 ± 1.4 (6) 13.1 ± 1.0 (6) 
Females Vh-Sal  415.9 ± 69.8 a (10) 795.8 ± 112.4 a (10) 6.0 ± 0.9 (9) 8.6 ± 1.0 a (10) 
 Vh-MDMA  476.1 ± 48.1a (8) 749.6 ± 144.8 a (8) 4.5 ± 0.7 (8) 7.7 ± 1.2 a (8) 
 THC-Sal  446.2 ± 58.7 a (10) 659.7 ± 62.9 a (10) 4.2 ± 0.8 e (9) 6.9 ± 1.5 a (9) 
 THC-MDMA  454.9 ± 42.1 a (6) 684.0 ± 79.1 a (6) 2.9 ± 0.7 e (6) 7.2 ± 1.6 a (5) 
Plasma corticosterone and leptin levels (mean ± SEM, ng/ml), in young adolescent (pnd 50) or adult 
animals (sacrificed around pnd 90). Animals were exposed to increasing doses of THC (2.5, 5 and 10 
mg/kg) or vehicle from pnd 28 to 45, and to MDMA (10 mg/kg) or saline twice daily every 5 days from 
pnd 30 to 45 (see text for details). In parenthesis, the number of animals per experimental group. 
ANOVA (P<0.05), a significant overall effect of sex; e significant overall effect of THC within the same 
sex group; g significant MDMA effect within the same sex group. 
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TABLE 5. Hypothalamic expression of prepro-orexin transcripts 
TABLE 5. Hypothalamic expression of prepro-orexin transcripts 
 Males Females 
Vh-Sal  1.00 ± 0.22 (6) 1.00 ± 0.31 (6) 
Vh-MDMA  0.56 ± 0.29 (5) 0.66 ± 0.15 (3) 
THC-Sal  0.12 ± 0.07 h (5) 0.68 ± 0.23 (5) 
THC-MDMA  0.87 ± 0.38 (5) 1.17 ± 0.39 (6) 
Quantitative real-time PCR analysis of hypothalamic preproorexin expression in 
adult animals sacrificed around pnd 90. Animals were exposed to increasing doses 
of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45, and to MDMA (10 
mg/kg or saline) twice a day every 5 days from pnd 30 to 45 (see text for details). 
Levels of prepro-orexin mRNA (mean ± S.E.M.) are expressed in arbitrary units in 
reference to the control animals (Vh-Sal) of their corresponding sex group. In 
parenthesis, the number of animals per experimental group. ANOVA (P<0.05): h 
significant effect of THC in saline-treated male animals. 
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RESULTADOS PRINCIPALES Y CONCLUSIONES PARCIALES 
 
A pesar de que el cannabis y el éxtasis son drogas de abuso consumidas en un 
alto porcentaje por adolescentes, todavía no se conocen claramente los efectos de su 
consumo combinado, particularmente, se sabe poco sobre el impacto 
psiconeuroendocrino de tal combinación a largo plazo y, que nosotros sepamos, este es 
el primer estudio que analiza directamente diferencias sexuales a este respecto. 
Tal como esperábamos, el tratamiento con MDMA causó, en ambos sexos, un 
incremento significativo de la temperatura corporal tras su administración. En las 
hembras, la administración de THC a DP 30 revirtió parcialmente la hipertermia 
inducida por la MDMA, efecto que no se encontró en los machos. A DP 45 el 
tratamiento con THC no alteró las propiedades hiperpiréticas de la MDMA en ninguno 
de los dos sexos. 
Un día después del final del tratamiento farmacológico, en el TCA, los animales 
tratados con THC mostraron una disminución del tiempo que pasaban en el interior del 
aparato. Por otro lado, en esta misma prueba, la exposición previa a MDMA produjo 
una disminución de la frecuencia y duración de la conducta exploratoria, mientras que 
en el LCE causó un aumento significativo del tiempo en los brazos abiertos del aparato, 
especialmente entre las hembras, lo que ha sido clásicamente relacionado con una 
reducción de la ansiedad. Sin embargo, a este respecto merece la pena destacar que los 
animales tratados con MDMA mostraron un índice de caídas del LCE superior a las 
ratas tratadas con salino por lo que podríamos especular sobre la posibilidad de que lo 
que realmente ha provocado el presente modelo de consumo de MDMA de fin de 
semana sobre estos animales sea un incremento del comportamiento de toma de riesgos.  
En el campo abierto, observamos que las hembras presentaron unos mayores 
índices de actividad locomotora (tanto horizontal como vertical) que los machos. El 
tratamiento durante la adolescencia con THC causó en los animales adultos de ambos 
sexos una disminución del tiempo de exploración del interior del aparato, indicativo de 
un aumento de emocionalidad/ansiedad. La MDMA produjo un efecto similar que sólo 
fue evidente entre los animales tratados con vehículo, seguramente debido a los ya de 
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por sí bajos niveles de exploración del interior del campo abierto inducidos por el THC. 
En el NOT se observó una grave alteración de la función cognitiva debida al tratamiento 
adolescente con THC en las hembras, pero no en los machos. La exposición a MDMA, 
por su parte, causó una disminución de la conducta de exploración de los objetos en el 
NOT así como una alteración de la PPI a la mayor intensidad prepulso estudiada (80 
dB), aunque la combinación con el tratamiento con THC produjo también una 
disminución del porcentaje de PPI a 75 dB. También observamos unos mayores niveles 
de PPI en los machos que en las hembras, lo que podría indicar diferencias sexuales en 
el filtrado sensomotor. 
Como cabía esperar, la ganancia de peso corporal fue mayor en los machos que 
en las hembras. Los animales tratados con MDMA mostraron una menor tasa de 
ganancia de peso corporal a lo largo de todo el tratamiento farmacológico. La 
administración de THC durante la adolescencia también provocó una disminución del 
crecimiento en las ratas de ambos sexos, pero este efecto apareció antes en las hembras 
que en los machos. Los animales de ambos sexos expuestos durante su adolescencia a 
ambas drogas, THC y MDMA, mostraron la menor tasa de ganancia de peso corporal. A 
largo plazo, todavía podían observarse los efectos de ambos tratamientos sobre la 
ganancia de peso corporal, aunque de una manera más significativa en los machos que 
en las hembras. 
El tratamiento adolescente con THC produjo una disminución significativa de la 
expresión de Arc en el córtex prefrontal de hembras adultas, pero no en el de machos, 
mientras que en el hipocampo esta reducción fue independiente del sexo. La MDMA, 
por su parte, causó una reducción de la inmunorreactividad de Arc exclusivamente en el 
hipocampo de hembras tratadas con THC, pero no en las tratadas con vehículo. En 
cuanto a las pERK, el tratamiento durante la adolescencia con MDMA causó una 
disminución significativa de su inmunorreactividad en el córtex prefrontal de machos 
adultos. Sin embargo, ninguno de los dos tratamientos alteró a largo plazo la expresión 
de pERK en el córtex prefrontal de hembras ni en el hipocampo de ninguno de los dos 
sexos. 
Las ratas macho tratadas sólo con THC (no expuestas a MDMA) mostraron a 
largo plazo una disminución de los niveles hipotalámicos de ARNm para la prepro-
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orexina. En las hembras ninguno de los dos tratamientos farmacológicos produjo 
ninguna alteración sobre este parámetro. 
A nivel hormonal, el tratamiento con THC produjo a DP 50 una disminución de 
los niveles circulantes de leptina en hembras, pero no en machos, mientras que la 
exposición a MDMA produjo una disminución de la corticosterona circulante en 
machos a largo plazo. En cuanto a diferencias sexuales en los animales controles, 
encontramos una diferencia sexual en los niveles plasmáticos de leptina en animales 
adultos (DP 90), exhibiendo los machos unos mayores niveles circulantes de esta 
hormona que las hembras, mientras que hembras exhibieron una mayor concentración 
de esta hormona que los machos a las dos edades estudiadas. 
El estudio inmunohistoquímico del GFAP hipocampal mostró que el THC 
indujo un aumento significativo del porcentaje de área inmunorreactiva para GFAP 
tanto en machos como en hembras. Sin embargo, en las hembras este efecto tendió a 
verse contrarrestado por el tratamiento con MDMA. 
En el análisis del número de células microgliales reactivas del hipocampo 
teñidas con Iba-1, encontramos una diferencia sexual en los animales controles, 
mostrando las hembras un mayor número de microglía con un fenotipo reactivo. En 
cuanto a los efectos de los tratamientos, en los machos la administración en período 
adolescente con THC y/o MDMA causó un aumento significativo del número de células 
microgliales reactivas en la edad adulta. Sin embargo, en las hembras, tanto el THC 
como la MDMA produjeron una disminución significativa de la microglía activada, 
mientras que la combinación de ambos tratamientos produjo una reversión hasta 
alcanzar niveles similares a las de las hembras control.  
En lo referente al sistema serotoninérgico, las hembras control mostraron un 
mayor número de fibras SERT+ en la corteza parietal que los machos control. La 
MDMA produjo per se una disminución significativa de la expresión de SERT en 
machos y en hembras, mientras que el THC causó un aumento de este parámetro 
exclusivamente entre los machos. En ambos sexos, la combinación de ambos 
tratamientos, produjo una normalización de la inmunorreactividad al SERT hasta 
alcanzar valores similares a los de sus respectivos grupos control. 
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El análisis de la expresión del receptor CB1 en el hipocampo se realizó en las 
áreas CA1 y CA3 y en giro dentado (GD). En machos, ninguno de los tratamientos 
farmacológicos produjo ningún efecto significativo, mientras que en hembras el 
tratamiento con THC indujo una disminución significativa de la densidad de este 
receptor, siendo este efecto más acentuado cuando, además de con THC, el animal era 
tratado con MDMA. Asimismo, observamos un dimorfismo sexual en los controles, 
mostrando las hembras una mayor inmunorreactividad para el receptor CB1 hipocampal 
que los machos. 
En su conjunto, los presentes resultados demuestran que la exposición durante la 
adolescencia a THC y/o MDMA produce diversos efectos sexo-dependientes a largo 
plazo a nivel conductual y neuroendocrino así como sobre los sistemas serotoninérgico 
y endocannabinoide y sobre marcadores relacionados con la neuroinflamación. El 
modelo animal empleado en este estudio, que mimetiza los patrones de consumo de 
estas drogas en la población adolescente resulta especialmente adecuado para analizar 
de una manera más fidedigna el impacto duradero de su consumo sobre la 
psicofisiología del individuo.  
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Estudio de la actividad del sistema endocannabinoide en un 
modelo animal de miedo extremo 
 
Desde su primera descripción por parte de Marsicano et al. (2002), se ha 
publicado un gran número de artículos que confirman la participación de los receptores 
CB1 en la regulación del miedo [ver para revisión Riebe et al. (2012)]. A día de hoy 
tenemos constancia por ejemplo de que los receptores CB1 sobre terminales 
glutamatérgicos (Kamprath et al., 2009) y sobre neuronas con presencia de receptores 
de dopamina tipo D1 (Terzian et al., 2011) ejercen efectos opuestos a los receptores 
CB1 expresados en neuronas GABAérgicas (Metna-Laurent et al., 2012). Es más, 
existen evidencias también de la participación de los receptores CB2 (Tambaro y 
Bortolato, 2012) y del receptor de potencial transitorio vaniloide 1 (TRPV1, del inglés 
Transient receptor potential vanilloid 1; Moreira et al., 2012) en el control de los 
estados de ánimo negativos. 
Actualmente, existen un gran número de estudios que han relacionado el grado 
de aversión de un test conductual con la regulación del miedo y de la ansiedad 
producida por el sistema endocannabinoide (SEC; Marsch et al., 2007; Naidu et al., 
2007; Haller et al., 2004). Por ejemplo, en el trabajo de Kamprath et al. (2009) 
expusieron a ratones mutantes con una deleción del receptor CB1 a diferentes 
intensidades de shock [0, 0,25, 0,7 y 1,5 mA; estímulo incondicionado (EI)] 
acompañado de un tono [estímulo condicionado (EC)]. Al día siguiente les expusieron a 
un contexto neutro acompañado del EC y midieron la respuesta de miedo. Observaron 
que aquellos animales que no expresaban el receptor CB1 exhibían una respuesta de 
miedo mayor que los animales “salvajes” o wild-type, pero sólo cuando los animales 
habían recibido una intensidad de shock eléctrico de 0,7 y 1,5 mA durante el 
condicionamiento, mientras que no se observaron diferencias significativas con 
intensidades de shock menores. Esto sugiere que los efectos aliviadores del miedo 
provocados por la activación de los receptores CB1 podrían producirse sólo en 
situaciones altamente estresantes. Por otro lado, Plendl y Wotjak (2010) demostraron 
que la exposición continuada al EC, i.e. un estímulo sonoro, durante las fases de 
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extinción produce una respuesta de freezing sostenida, es decir, que no decae a lo largo 
del tiempo. Con ambos trabajos en mente, decidimos caracterizar un modelo en el que 
se produjera una activación del SEC (mediante el condicionamiento de los animales con 
un shock eléctrico de 1,5 mA) y se produjera una respuesta de freezing estable a lo largo 
del tiempo (mediante la exposición de los animales a un tono continuo durante las fases 
de extinción) para poder testar tanto en agudo como de manera repetida, durante los tres 
primeros días tras el condicionamiento, a los animales con diversos moduladores de la 
actividad del SEC. 
La anandamida (AEA) y el 2-araquidonilglicerol (2-AG) son los dos ligandos 
cannabinoides mejor conocidos del organismo, y ambos son sintetizados en regiones 
postsinápticas (como por ejemplo las espinas dendríticas) actuando, como mensajeros 
retrógrados, sobre receptores CB1 presinápticos, cuya activación provoca una 
disminución de la liberación de neurotransmisores. Los procesos de degradación de 
AEA y 2-AG difieren entre sí en lo que se refiere a la maquinaria enzimática y la 
compartimentalización. Mientras que la AEA se degrada principalmente mediante la 
acción de una amido hidrolasa de ácidos grasos (FAAH, del inglés Fatty acid amide 
hydrolase) en las dendritas, el 2-AG es catabolizado a través de una monoacilglicerol 
lipasa (MAGL) en los terminales axónicos. La existencia de transportadores específicos 
permite la recaptura de los ligandos cannabinoides. Sin embargo, la naturaleza 
molecular de tales procesos todavía no está del todo clara. Recientemente, ha sido 
identificada una proteína citosólica que sirve como vehículo intracelular de la AEA y 
que juega un papel importante en la externalización e internalización de este 
endocannabinoide [Fu et al., 2012; ver para revisión Fowler (2012) y Marsicano y 
Chaouloff (2011)]. Este transportador es un derivado de una isoforma de FAAH 
conocida como FAAH-1, lo cual explicaría su especificidad para la AEA (Fu et al., 
2012). 
La eficacia de la señalización de los receptores CB1 depende de la 
disponibilidad de sus ligandos endógenos: primero, y como ya hemos referido 
anteriormente, el grado de aversión de la situación tiene que ser lo suficientemente alto 
como para activar la síntesis y liberación de los ligandos cannabinoides. Segundo, la 
actividad de los endocannabinoides es poco duradera, lo cual se debe principalmente a 
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que los procesos de recaptación y degradación de estos ligandos endógenos son 
extremadamente eficaces. Esta característica provoca que los efectos beneficiosos que 
derivan de la activación de los receptores CB1 se encuentren muy limitados en el 
tiempo, y de ahí surge la necesidad y el interés de desarrollar métodos farmacológicos 
que incrementen y prolonguen la acción de los endocannabinoides. En este contexto, se 
han seguido tres líneas principales de investigación: (i) la administración de agonistas 
del receptor CB1, (ii) la inhibición de la recaptura de los endocannabinoides, y (iii) el 
bloqueo de la degradación de los endocannabinoides. La mayoría de los compuestos 
sintéticos cannabinoides actúan promiscuamente, es decir, su acción no se encuentra 
limitada a un receptor específico o a una región cerebral en particular, sino que pueden 
actuar sobre diversas dianas expresadas en diferentes áreas cerebrales (Pertwee et al., 
2010). Esta desventaja contribuye a los efectos bifásicos descritos para la mayoría de los 
compuestos cannabinoides; además, debemos tener en cuenta que los cannabinoides 
exógenos y los ligandos endocannabinoides pueden llegar a afectar a estructuras 
cerebrales, a poblaciones neuronales y a sistemas de receptores sin ninguna relación con 
la expresión de miedo lo que, en ocasiones, puede terminar causando la aparición de 
efectos opuestos a los deseados. Todo lo anteriormente expuesto remarca la necesidad 
de refinar las estrategias de intervención sobre el SEC. 
En comparación con los efectos aliviadores de la respuesta de miedo que  puede 
conseguirse mediante un incremento de los niveles de AEA (Gunduz-Cinar et al., 2013; 
Busquets-García et al., 2011), existe poca información sobre la participación específica 
del 2-AG sobre la regulación del miedo. Por este motivo analizamos sistemáticamente 
las consecuencias de las manipulaciones farmacológicas del SEC sobre respuestas de 
miedo exageradas empleando el modelo animal anteriormente descrito. Esta 
manipulación incluyó la administración de agonistas y antagonistas de los receptores 
CB1 y CB2, inhibidores de la recaptación de endocannabinoides e inhibidores 
específicos de la degradación tanto de AEA como de 2-AG. Gracias a nuestros 
resultados pudimos confirmar que un incremento en los niveles de AEA reduce la 
expresión de miedo condicionado. Además, observamos que el 2-AG promovió la 
aparición de la respuesta de miedo, efecto que no había sido descrito hasta el momento 
y que resulta de su actividad sobre los receptores CB1 expresados en neuronas 
GABAérgicas. 
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Abstract 
We systematically investigated the role of the endocannabinoid system in the expression of 
auditory-cued fear memories in mice. Administration of the CB1 antagonist/inverse agonist 
SR141716 (3 mg/kg) caused an increase in conditioned freezing upon repeated tone presentation. 
Blockade of CB2 receptors by AM630 (3 mg/kg), in contrast, had opposite effects during the first 
tone presentation, with no effects of the TRPV1 antagonist SB366791 (1 and 3 mg/kg). 
Administration of the CB2 agonist JWH133 (3 mg/kg) failed to affect the acute freezing 
response, whereas the CB1 agonist CP55,940 (50 µg/kg) augmented this behavior. The 
endocannabinoid uptake inhibitor AM404 (3 mg/kg), which is also a TRPV1 agonist, but not 
VDM11 (3 mg/kg), significantly reduced the acute freezing response. Its co-administration with 
SR141716 or SB366791 confirmed an involvement of both CB1 and TRPV1. Inhibition of AEA 
degradation by the FAAH inhibitor URB597 (1mg/kg) had similar consequences as AM404. 
Inhibition of 2-AG degradation by the MAGL inhibitor JZL184 (4 and 8 mg/kg), in contrast, 
caused a pronounced increase in freezing, similar to CP55,940. This provides first evidence for 
opposite consequences of 2-AG vs. AEA in the same behavioral dimension. As revealed in 
conditional CB1-deficient mutants, the fear-promoting effects of 2-AG depended on CB1 
signaling in GABAergic neurons. Our findings suggest that increased AEA levels mediate acute 
fear relief via CB1 on glutamatergic neurons, while increased 2-AG levels promote the 
expression of conditioned fear via CB1 on GABAergic neurons. This dichotomy in 
endocannabinoid action has to be considered for the exploitation of the endocannabinoid system 
as a treatment of psychiatric disorders associated with exaggerated fear responses.  
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Introduction 
Since its initial description (Marsicano et al, 2002), numerous studies have confirmed the 
involvement of the cannabinoid receptors type 1 (CB1) in fear regulation (for review see Riebe et 
al, 2012). Nowadays, much is known about the complexity of the underlying processes related to 
CB1 actions, which include opposite roles of CB1 depending on its location - on glutamatergic 
(Kamprath et al, 2009) and dopamine D1 receptor positive neurons (Terzian et al, 2011), on the 
one hand, or on GABAergic neurons (Metna-Laurent et al, 2012), on the other hand. Moreover, 
there is evidence for an involvement of cannabinoid receptor type 2 (CB2; Tambaro and 
Bortolato, 2012) and transient receptor potential vanilloid receptor type 1 (TRPV1; Moreira et al, 
2012) in controlling aversive effects.  
Of the two major endocannabinoids, 2-arachidonoyl glycerol (2-AG), is synthesized in 
postsynaptic sites (e.g. dendritic spines) and acts as retrograde messenger at presynaptically 
expressed CB1. Anandamide (AEA) can also exert this function under certain circumstances, but 
may also be produced pre-synaptically and act as an anterograde mediator (see Di Marzo, 2011 
for review). Presynaptic CB1 activation by these endocannabinoids results in a decrease in 
neurotransmitter release. Degradation processes, however, show remarkable differences between 
AEA and 2-AG in terms of enzymatic machinery and compartmentalization: whereas AEA is 
primarily degraded by fatty acid amide hydrolase (FAAH) in dendrites (McKinney and Cravatt, 
2005), 2-AG is primarily cleaved by monoacylglycerol lipase (MAGL) in axon terminals (Dihn 
et al, 2002). Due to their lipophilic nature as fatty acid derivatives, AEA and 2-AG would be 
expected to accumulate in the postsynaptic membrane rather than to exert trans-synaptic effects. 
The latter is achieved by specific transporters, which mediate release and uptake of the 
endocannabinoids, although the molecular nature of these processes is still far from being clear. 
Recently, a cytosolic protein was identified, which serves as an intracellular shuttle for AEA and 
plays an important role for externalization and internalization of this endocannabinoid (Fu et al, 
2012; for reviews see Fowler, 2012; Marsicano and Chaouloff, 2011). The FAAH-1-like 
anandamide transporter (FLAT) turned out to be an alternative splicing product of the FAAH 
isoform FAAH-1. This explains the substrate specificity for AEA as compared to 2-AG (Fu et al, 
2012).  
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The efficacy of CB1 signaling critically depends on the availability of its endogenous ligands. 
First, the aversiveness of a situation has to be high enough in order to activate the “on demand” 
synthesis and release of AEA and 2-AG (Riebe et al, 2012). Second, the capacity of the 
endocannabinoids appears to be limited by tightly regulated uptake and degradation processes, 
which confine the beneficial effects of CB1 signaling and might be responsible of exaggerated 
fear responses. This explains the broad interest in developing pharmacological approaches, which 
increase and prolong (endo)cannabinoid action. In this context, two different strategies are 
pursued: (i) direct CB1 activation by administration of CB1 agonists, and (ii) increase of 
endocannabinoid tone by inhibition of endocannabinoid uptake and/or blockade of 
endocannabinoid degradation. Most of the synthetic cannabinoids act in a promiscuous manner, 
i.e. they simultaneously affect multiple components of the endocannabinoid system, which 
themselves show various interdependencies (Pertwee et al, 2010). These drawbacks might 
contribute to the biphasic effects described for most of the compounds, keeping in mind that 
exogenous and endogenous cannabinoids may act on brain structures, neuronal populations and 
receptor systems which are either totally unrelated to the expression of fear or contrarily 
involved. This illustrates the need for a refinement of our intervention strategies.  
Compared to the fear-alleviating effects of enhanced AEA signaling (Busquets-Garcia et al, 
2011; Gunduz-Cinar et al, 2013), surprisingly little is known about the specific involvement of 2-
AG in fear regulation. For this reason we systematically analyzed the consequences of 
pharmacological manipulations of the endocannabinoid system on exaggerated fear responses. 
This included the administration of CB1 and CB2 antagonists and agonists, endocannabinoid 
uptake inhibitors and specific inhibitors of AEA or 2-AG degradation. We confirmed that 
enhanced AEA levels reduce the expression of conditioned fear. In addition, to the best of our 
knowledge, we observed for the first time fear-promoting effects of 2-AG, which depended on 
CB1 expressed in GABAergic neurons.   
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Material and Methods 
Animals 
Male C57BL/6NCrl (B6N) mice were purchased from Charles River (Bad Sulzfeld, Germany) at 
age of 6-7 weeks. Mice with conditional deletion of CB1 from cortical glutamatergic (Glu-CB1-
KO) or GABAergic neurons of the forebrain (GABA-CB1-KO) were kept on a mixed genetic 
background with a predominant B6N contribution. They were generated, bred and genotyped 
essentially as described (Metna-Laurent et al, 2012), from our local breeding stocks (MPI for 
Biochemistry, Martinsried, Germany) and transferred to our animal facility when they were 8-12 
weeks old.  
Mice were singled housed under an inverse 12h:12h light-dark cycle (lights off: 09:00 a.m.), 
under standard laboratory conditions with water and food ad libitum for at least 12 days before 
starting with the experiments. All experiments were carried out according to the European 
Community Council Directive 2010/63/EEC and approved by the local government of Upper 
Bavaria (55.2.1.54-2532-44-09 and 55.2.1.54-2532-141-12). Efforts were made to minimize 
animal suffering and to reduce the number of animals used.  
 
Drugs 
AM630, JWH133, SB366791 and JZL184 were purchased from Tocris (Bristol, UK); AM404, 
CP55,940 and URB597 from Sigma-Aldrich (Steinheim, Germany); SR141716 and VDM11 
from Cayman Chemical (Ann Arbor, USA) and OMDM198 was provided by Dr Vincenzo Di 
Marzo. Doses and vehicle were chosen based on previous findings (Busquets-Garcia et al, 2011; 
Rey et al, 2012; Micale et al, 2013), in the case of OMDM198 we followed recommendations 
made by Dr Vincenzo Di Marzo. Thus, AM404 (3 mg/kg), VDM11 (3 mg/kg), OMDM198 (1, 
2.5 and 5 mg/kg) and CP55,940 (1 and 50 µg/kg) were dissolved in ethanol: Cremophor (Sigma-
Aldrich; Steinheim, Germany): saline in a 1:1:18 concentration. For AM630 (3 mg/kg), JWH133 
(3 mg/kg), SB366791 (1 and 3 mg/kg) and SR141716 (3 mg/kg) vehicle was a mixture of 3 drops 
of Tween-80 (Sigma-Aldrich; Steinheim, Germany) in 10 ml 2.5% dimethylsulfoxide (DMSO; 
Sigma-Aldrich; Steinheim, Germany) in saline. URB597 (1 mg/kg) and JZL184 (4 and 8 mg/kg) 
were dissolved in 15% DMSO: 4.25% polyethylene glycol (Carl Roth; Karlsruhe, Germany): 
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4.25% Tween 80: 76.5% saline. All pharmacological treatments were administered 
intraperitoneally in an injection volume of 10ml/kg. 
 
Fear conditioning 
At day 0 (d0), mice were placed into cubic-shaped conditioning chambers with metal walls and 
metal grid floor (Kamprath and Wotjak, 2004). After 180 s, a 20s sine wave tone (9 kHz, 80 dB) 
was presented, which co-terminated with a 2s electric foot shock (shocker/ scrambler: ENV-414, 
MED Associates). Except for the first experiment, the shock intensity was 1.5 mA, which was 
about 5 times the individual pain threshold of B6N mice (Siegmund et al, 2005; Siegmund and 
Wotjak, 2007). After the shock presentation, mice remained in the chamber for another 60 s. 
Between sessions, the conditioning chamber was cleaned with 70% ethanol. Mice were re-
exposed to the tone for 3 min at d1, d2, d3 and d10 after conditioning. This time, they were 
placed into a neutral test context with cylindrical shape and bedding. After 180s, tone was 
presented for 3 min, and after another 60s mice were returned to their home cages. In this neutral 
context, the bedding was renewed and scented with 1% acetic acid. Conditioning and test 
contexts differed in multiple aspects, including shape, texture and odor (Kamprath and Wotjak, 
2004), which kept generalized contextual fear at a minimum (Golub et al, 2009). This enabled us 
to specifically study the involvement of endocannabinoids/ endovanilloids in the expression of 
auditory-cued fear memory. The behavior of the animals was recorded and analyzed off-line by a 
trained observer (EVENTLOG software, designed by Robert Henderson, 1986). 
 
Open field test 
The open field test was performed in the TruScan Photo Beam Activity system (Coulbourn 
Instruments, Whitehall, PA, USA) as described previously (Jacob et al, 2009) under red light. 
Mice were placed into the center of a Plexiglas chamber (L26 cm × W26 cm × H38 cm) for 15 
min. Horizontal locomotion and vertical exploration were automatically recorded by two 
photobeam sensor rings (2 cm and 5 cm above the floor; photobeams are spaced apart by 1.52 cm 
providing a 0.73 cm spatial resolution) which surrounded the Plexiglas chambers. Each test cage, 
including the sensor rings, was enclosed by opaque Plexiglas side walls (L47 cm × W47 cm × 
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H38.5 cm). The floor was cleaned with soap and water, and dried after each test session. Data 
were acquired with a sample rate of 4 Hz. The following measures were automatically calculated 
by TruScan Software Version 1.1 (Coulbourn Instruments): (i) movement time (s), (ii) distance 
moved in the horizontal plane (cm) and (iii) the number of vertical explorations (rearings).  
 
Experiments 
All experiments were performed during the active phase of the animals between 09:30 and 
17:00h. The experimenter was blind to the treatment/genotype during both experiments and 
behavioral analyses. If not stated otherwise, drug treatment happened 30 minutes before re-
exposure to the tone at d1, d2 and d3 after conditioning, except for URB597 and JZL184 which 
were administered 120 minutes before in order to ensure adequate functionality (Micale et al, 
2013). At d10, all mice were treated with vehicle. Treatment before exposure to the open field 
was the same as used at d1-d3. All experiments are described in the results section.  
 
Data analysis and statistics 
Freezing behavior was manually scored as described (Kamprath and Wotjak, 2004), analyzed in 
20s bins and expressed as a percentage of the observation intervals (i.e. 20s). Open field behavior 
was analyzed in 3 min bins. Data are shown as mean ± SEM. They were analyzed by 2-way 
ANOVAs for repeated measures, with the main factors current intensity / drug and the repeated 
measure time interval/ day, followed by Newman-Keuls post-hoc test, if appropriate (Statistica 5, 
StatSoft). The sample sizes are depicted in the figures. Care was taken to use similar sample sizes 
for each experimental group of a given experiment. A p ≤ 0.05 was considered statistically 
significant.  
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Results 
Conditioning with 1.5 mA promotes long-lasting freezing response to the tone 
To study the consequences of repeated drug administration on expression of conditioned fear, we 
first established a conditioning protocol, which result in sustained freezing upon repeated tone 
presentations. For this reason, we conditioned 3 groups of B6N mice with a single tone-shock 
pairing (d0), whereby the intensity of the foot shock was 0.5 mA, 0.75 mA or 1.5 mA, followed 
by repeated re-exposure to tone (for 3 min each) at d1, d2, d3 and d10. To mimic the 
pharmacological interventions to come, we treated all animals with saline 30 min before each test 
session. As shown in figure 1A, conditioning with 1.5 mA caused the most prominent fear 
response to the tone at d1 [shock intensity: F2,28 = 4.77, p = 0.016; 2-way ANOVAs (shock 
intensity, time interval) for repeated measures (time interval)], d2 (shock intensity: F2,28 = 4.76, p 
= 0.016), d3 (shock intensity x time interval: F16,224 = 1.81, p = 0.031) and, in tendency, d10 
(shock intensity: F2,27 = 2.60, p = 0.092; Fig. 1A). Therefore, we decided to use the highest shock 
intensity for the subsequent experiments.  
 
Pharmacological blockade of CB1 and CB2, but not TRPV1, modulates the freezing response 
in opposite directions 
We next assessed whether endocannabinoid/endovanilloid signaling via CB1, CB2 and/or 
TRPV1 is involved in the sustained freezing response to the tone after conditioning with 1.5 mA. 
For this reason, we treated new groups of B6N mice with the TRPV1 antagonist SB366791 (1 
and 3 mg/kg), the CB1 receptor antagonist/inverse agonist SR141716 (3 mg/kg), the CB2 
receptor antagonist/inverse agonist AM630 (3 mg/kg), or the respective vehicle before re-
exposure to the tone at d1, d2 and d3 after conditioning. At d10, all mice received vehicle in 
order to estimate long-term effects of the pharmacological interventions. Treatment with 
SB366791 did not affect the freezing response (d1-d3, drug: F2,27 < 1.04, p > 0.369; drug x time 
interval: F16,216 < 1.08, p > 0.368; Fig. 1B); however, treatment with SR141716 further prolonged 
freezing, which could be statistically secured for d2 after conditioning (drug x time interval: F8,168 
= 2.29, p = 0.023). There was also a long-lasting effect of treatment, which could be observed at 
d10 (drug: F1,20 = 4.63, p = 0.043; Fig. 1C). Treatment with AM630, in contrast, significantly 
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reduced freezing at d1 after conditioning (drug x time interval: F8,168 = 3.16, p = 0.002), without 
any effect at the subsequent days (statistics not shown; Fig. 1D ). Together, these data indicate 
that CB1 and CB2 receptors modulate the expression of conditioned fear in opposite directions, 
with no evidence for an involvement of tonic TRPV1 activity. The fear promoting effects of CB2 
became evident only during the first tone presentation; the fear alleviating effects of CB1 could 
be observed only upon repeated tone exposure. 
 
An exogenous CB1 agonist further enhances conditioned fear responses, whereas a CB2 
agonist shows no effects  
Treatment of B6N mice with a low dose of the CB1 agonist CP55,940 (1 µg/kg) had no effects 
on freezing. A higher dose (50 µg/kg), in contrast, further enhanced conditioned fear (Fig. 1E). 
This became evident at d2 (drug: F2,32 = 3.54, p = 0.041) and d3 (drug: F2,32 = 6.79, p = 0.003) 
after conditioning. There were no lasting consequences of the treatment, since we failed to 
observe any group difference at d10, when all mice received vehicle before testing (drug: F2,31 = 
1.09, p = 0.348).  
Administration of the CB2 agonist JWH133 (3 mg/kg; Fig. 1F) induced no significant effects 
(d1-d3, drug: F1,21 < 0.83, p > 0.372; drug x time interval: F8,168 < 1.32, p > 0.237). 
Insert Figure 1 around here 
 
Interference with endocannabinoid uptake and/or degradation has bidirectional effects on 
conditioned fear responses 
To assess whether enhancement of endocannabinoid signaling may have similar fear promoting 
effects as revealed for CP55,940, we tested various compounds with different levels of specificity 
in terms of enhancing AEA and/or 2-AG action. 
Treatment with VDM11 (3 mg/kg; Fig. 2A), an endocannabinoid uptake inhibitor with no direct 
action at TRPV1 (De Petrocellis et al., 2000), failed to modulate the freezing response (d1-d3, 
drug: F1,14 < 0.43, p > 0.519; drug x time interval: F8,112 < 1.14, p > 0.339). In contrast, treatment 
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with AM404 (3 mg/kg; Fig. 2B), another endocannabinoid uptake inhibitor, which also activates 
TRPV1 (De Petrocellis et al., 2000), turned the sustained into a decaying freezing response at d1 
(drug x time interval: F8,272 = 4.52, p = 0.006) and, in tendency, at d2 (drug x time interval: F8,272 
= 1.90, p = 0.060) and d3 (drug x time interval: F8,256 = 1.97, p = 0.050). As demonstrated by co-
treatment with the CB1 antagonist/inverse agonist SR141716 or the TRPV1 antagonist 
SB366791, the fear alleviating effects of AM404 involved signaling via both CB1 and TRPV1 
(d1, drug x time interval: F24,256 = 2.38, p < 0.001; d2, drug x time interval: F24,256 = 1.59, p = 
0.043; d3, drug: F3,31 = 2.64, p = 0.066; Fig. 2C).  
AM404 was identified as an inhibitor of the AEA transporter FLAT (Fu et al, 2012). Therefore, 
the efficacy of AM404 in promoting fear relief might be due to enhanced AEA signaling. To 
verify this assumption, we treated the animals with the selective FAAH inhibitor URB597 (0.3 
mg/kg, 1 mg/kg; Fig. 2D). Indeed, URB597 (1 mg/kg) decreased the freezing response to the tone 
at d2 (drug: F2,33 = 3.63, p = 0.037) and, in tendency, at d3 (drug: F2,33 = 2.80, p = 0.074) after 
conditioning. These fear alleviating effects lasted until d10 (drug: F2,32 = 3.20, p = 0.053), when 
all animals received vehicle before testing.  
Differently from URB597, treatment with OMDM198 (1 mg/kg – 5 mg/kg; Fig. 2E), a combined 
FAAH inhibitor / TRPV1 antagonist, failed to modulate the freezing response (d1-d3, drug: F3,35 
< 0.75, p > 0.529; drug x time interval: F24,280 < 1.17, p > 0.262). 
Finally, we studied the consequences of enhanced 2-AG signaling on the expression of 
conditioned fear. Treatment with the MAGL inhibitor JZL184 (4 mg/kg, 8 mg/kg; Fig. 2F) had 
essentially the opposite behavioral consequences when compared to AM404 and URB597: both 
doses led to enhanced freezing at d1 (drug: F2,33 = 3.22, p = 0.053), d2 (drug: F2,33 = 3.45, p = 
0.043; drug x time interval: F16,264 = 1.86, p = 0.023) and d3 (drug: F2,33 = 5.41, p = 0.009). Post-
hoc analyses did not reveal differences between the two doses; however, 4 mg/kg appeared to be 
slightly more efficient in respect to vehicle treatment. There were no lasting consequences of 
JZL184 treatment observable at d10 (drug: F2,33 = 0.09, p = 0.908). 
Insert Figure 2 around here 
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Fear-promoting effects of JZL184 depend on CB1 signaling in GABAergic neurons  
Until this point, we demonstrated that pharmacological enhancement of AEA signaling reduced 
conditioned fear, while enhanced 2-AG signaling promoted it, similar to treatment with a CB1 
agonist. Thus, to better understand such differences, we decided to evaluate which neuronal 
subpopulation is involved in the effects of JZL184. For this reason, conditional CB1-deficient 
mice which lack expression of CB1 receptors either in cortical glutamatergic (Glu-CB1-KO) or in 
GABAergic neurons (GABA-CB1-KO) were treated with vehicle or JZL184 (4 mg/kg) before re-
exposure to the tone at d1, d2 and d3; at d10 all mice received vehicle.  
For the assessment of genotype differences in expression of conditioned fear, we first compared 
vehicle-treated KO and WT littermate controls. GABA-CB1-KO showed a slight decrease in 
conditioned fear, which became statistically significant at d2 (genotype x time interval: F8,264 = 
3.07, p = 0.002; Fig. 3A). Glu-CB1-KO, in contrast, showed significantly enhanced freezing 
throughout the experiment (d1-d10, genotype: F1,17 > 4.82, p < 0.042; d2, genotype x time 
interval: F8,136 = 3.33, p = 0.001; Fig. 3B).  
Insert Figure 3 around here 
For a deeper analysis, we next analyzed the behavioral consequences of JZL184 separately per 
genotype. In GABA-CB1-WT, JZL184 led to strongly enhanced freezing (d1-d3, drug: F1,25 > 
10.2, p < 0.003; d1+d2, drug x time interval: F8,208 > 5.38, p < 0.001; Fig. 4A). Also in Glu-CB1-
WT, JZL184 caused an increase in freezing, which was less pronounced than in GABA-CB1-WT 
and reached statistical significance only at d3 (F1,17 = 5.13, p = 0.036; Fig. 4D). Such differences 
in drug efficacy between GABA-CB1-WT and Glu-CB1-WT may be related to differences in the 
genetic background of the two mutant lines and to the relatively low dose of JZL184 
administered. At d10 no persistent effects of JZL184 were found (statistics not shown).  
The effects of JZL184 were completely abolished in GABA-CB1-KO (d1-d3, drug: F1,26 < 0.533, 
p > 0.471; drug x time interval: F8,208 < 1.62, p > 0.120; Fig. 4B). Also Glu-CB1-KO failed to 
respond to JZL184 (d1-d3, drug: F1,17 < 0.264, p > 0.613; drug x time interval: F8,136 < 0.627, p > 
0.753; Fig. 4E). However, Glu-CB1-KO showed strong freezing already upon vehicle treatment. 
This bears the risk of ceiling effects, which might obscure any additional fear-promoting 
consequences of JZL184.  
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The genotype differences in the response to JZL184 were confirmed by 3-way ANOVAs (drug, 
genotype, day) for repeated measures (day), whereby we considered the total freezing duration in 
response to the tone at d1 – d3. For GABA-CB1-KO we obtained a significant drug x genotype 
interaction (F1,50 = 4.04, p = 0.049), indicating that JZL184 increased freezing in GABA-CB1-
WT, but not GABA-CB1-KO (Fig. 4C). In Glu-CB1-KO, we only obtained a significant 
genotype difference (F1,33 = 8.98, p = 0.005), but no genotype x treatment interaction (F1,33 = 
0.68, p = 0.412; Fig. 4F). 
Insert Figure 4 around here 
 
Alterations in freezing cannot be explained by general changes in locomotor activity 
Alterations in endocannabinoid/ endovanilloid signaling may interfere with locomotor activity. 
This would confound the interpretation of changes in the freezing response. Therefore, we tested 
all pharmacological and genetic interventions for their effects on horizontal locomotion (mobility 
time, distance moved) and vertical explorations (number of rearings) during a 15 min exposure to 
an activity chamber, 16 days after conditioning (Fig. S1; see Suppl. Tab. 01 for details of 
statistical analysis). In case of pharmacological interventions, mice received the same treatment 
as used for manipulating the expression of conditioned fear (i.e., d1-d3). Since experiments were 
performed with shocked mice, changes in locomotor activity cannot be dissociated from effects 
on emotionality, even though exposures were performed under low aversive conditions. 
Nevertheless, the results obtained allow us to draw conclusions about the specificity of the drug 
effects for expression of conditioned fear. 
Among all treatments, we only observed significant changes in locomotor behavior for the 
following interventions:  
(i) Treatment with the CB1 antagonist/ inverse agonist SR141716 caused a decrease in horizontal 
and vertical movements, which became statistically significant after the first 3 min of the 
exposure. This finding limits the interpretation of the increase in freezing observed after 
SR141716 treatment (Fig. 1C, 2C).  
13 
 
(ii) Treatment with AM404 led to a slight increase in distance moved, but not moving time. The 
fact that the effects on the distance were restricted to the first 3 min of the exposure with no 
changes in the general activity (as reflected by the moving time) renders it unlikely that the 
decrease in freezing to the tone caused by AM404 (Fig. 2B,C) simply relates to hyperlocomotion.  
(iii) Treatment with VDM11 caused a significant decrease in the total distance moved and the 
number or rearings. This finding demonstrates that the dose chosen (5 mg/kg) was biologically 
active in terms of changes in general activity. This rules out that our failure to observe significant 
changes in freezing (Fig. 2A) simply results from an inappropriate dose. However, the decrease 
in mobility bears the risk of masking potential fear-alleviating effects of the drug. 
None of the other treatments including URB597 and JZL184 had a significant effect on 
locomotion (Fig. S1, Suppl. Tab. 01). Consequently, the decrease and increase in freezing caused 
by the same compounds, respectively (Fig. 2D, F), appears to be genuine for the expression of 
conditioned fear, since it cannot be explained by general changes in locomotor activity. This 
applies also to the treatment with CP55,940, which caused a slight, non-significant decrease in 
locomotion for both concentrations (1 µg/kg and 50 µg/kg). However, given the observation that 
only the higher dose had potentiated the freezing response (Fig. 1E), it is unlikely that this fear 
promoting effect relates to general changes in locomotion.  
GABA-CB1-KO and their wild-type controls differed in locomotor activity (movement time - 
genotype x interval: F4,104 = 3.47, p = 0.010; distance – genotype x interval: F4,104 = 2.89, p = 
0.025; Fig. S2), however, irrespective of the treatment (movement, distance – genotype x 
treatment: F1,26 < 0.27, p > 0.602; genotype x drug x interval: F4,104 < 0.72, p > 0.580). The 
genotype differences reflect the slightly more pronounced decrease in locomotor activity in 
GABA-CB1-KO compared to GABA-CB1-WT towards the end of the exposure. Therefore, the 
genotype differences in the fear-promoting effects of JZL184 (Fig. 4A) cannot be explained by 
general changes in exploratory behavior. 
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Discussion 
This study investigated the consequences of pharmacologically enhanced AEA vs. 2-AG 
signaling on the expression of conditioned fear. We demonstrate that inhibition of AEA uptake/ 
degradation reduces freezing. In particular, in the case of AEA uptake inhibition with AM404, 
the freezing-reducing effect appeared to be due to both CB1 and TRPV1 activation. Inhibition of 
2-AG degradation, in contrast, promoted freezing, which was similar to the effects of a CB1 
agonist and dependent on CB1 expressed by GABAergic neurons.  
There are numerous reports about an association between aversiveness of the test situation and 
involvement of the endocannabinoid/endovanilloid system in regulation of fear and anxiety 
(Haller et al, 2004; Marsch et al, 2007; Naidu et al, 2007), including the expression of 
conditioned fear (Kamprath et al, 2009; Jacob et al., 2012). Given their potential as new 
therapeutic interventions for the treatment of PTSD (Trezza and Campolongo, 2013), we decided 
to systematically investigate consequences of altered endocannabinoid/endovanilloid signaling on 
strong fear responses. For this reason we established an auditory fear conditioning protocol, 
which resulted in a prominent freezing response to the tone. In accordance with our previous 
observations (Plendl and Wotjak, 2010), prolonged tone presentations kept the freezing responses 
relatively stable over the course of repeated exposures. This enabled us to analyze the effects of 
acute (d1) and repeated (d1-3) treatment, as well as long-term consequences of the 
pharmacological interventions (d10). To equalize confounding consequences of the treatment 
procedure per se, all animals received vehicle not only during establishment of the conditioning 
protocol, but also before re-exposure to the tone at d10. It is of note that the injection procedure 
per se seems to affect the freezing response: in the case of treatment with URB597 or JZL184, 
mice were injected 2h before re-exposure to the tone in order to ensure adequate blockade of the 
degrading enzymes (Micale et al, 2013). Under those circumstances, vehicle-treated controls 
showed an acute decline in freezing over the course of the tone presentation. This was in striking 
contrast to the non-decaying freezing responses observed 30 min after vehicle injection. 
Currently we can only speculate about the reasons for this difference, which may involve an 
activation of endocannabinoid/endovanilloid signaling. At any rate, the temporal dynamics of 
stress-related changes in freezing have to be considered during the interpretation of our data, even 
though their impact might be of minor importance. 
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Endocannabinoids are known to promote acute fear relief via CB1 (for review see Riebe et al, 
2012). The sustained, non-decaying fear responses exhibited by the animals submitted to our 
conditioning and extinction protocol may, thus, result from insufficient CB1 signaling (Moreira 
and Wotjak, 2010). Alternatively, they might be ascribed to enhanced activity of two other 
(endo)cannabinoid targets, CB2 and TRPV1, both previously reported to promote fear and/or 
anxiety (Tambaro and Bortolato, 2012; Moreira et al, 2012; Marsch et al, 2007). We ruled out 
this alternative, since we failed to observe any fear-alleviating consequences of the TRPV1 
antagonist SB366791. On the other hand, blockade of CB2 by AM630 caused only a slight 
decrease in fear at d1 and had no effects during subsequent tone presentations (d2, d3). 
Administration of the CB2 agonist JWH133, in turn, failed to affect the freezing response at all. 
As a consequence, insufficient activation of CB1 rather than activation of CB2 or TRPV1 seems 
to underlie the sustained freezing response observed in our fear conditioning and extinction 
model. In line with this conclusion, the CB1 antagonist/ inverse agonist SR141716 did not further 
enhance freezing (except for a slight effect at d3), which might be ascribed to ceiling effects. 
Accordingly, previous studies reported an enhancement of fear expression by SR141716 
following conditioning with weaker shock intensities (Marsicano et al, 2002; Kamprath et al, 
2006, 2009; Niyuhire et al, 2007; Plendl and Wotjak, 2010; Riebe et al, 2012).  
Against our expectations, administration of the CB1 agonist CP55,940 not only did not result in 
decreased freezing, but even promoted the expression of conditioned fear. This was the case for 
the higher dose (50 µg/kg), whereas the lower dose (1 µg/kg) had no effects. We ruled out in an 
open field test that the increase in freezing caused by the higher dose simply resulted from a 
general decrease in locomotor activity, which is a known “side effect” of exogenous 
cannabinoids such as CP55,940 (Llorente-Berzal et al, 2011; McGregor et al, 1996). 
Interestingly, a recent study reported anxiogenic vs. anxiolytic consequences of exactly the same 
two doses of CP55,940. These effects could be related to a differential involvement of CB1 
receptors on GABAergic vs. glutamatergic neurons (Rey et al, 2012). This led us to hypothesize 
that also the paradoxical fear-promoting consequences of increased CB1 signaling critically 
depends on the neuronal subpopulation involved. However, the fear-promoting effects of 
CP55,940 might result from an activation of CB1 receptors in brain structures completely 
unrelated to the expression of conditioned fear, thus representing a pure pharmacological 
phenomenon. We assumed that increasing endocannabinoid levels by inhibiting endocannabinoid 
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inactivation might render a better idea of what is the role of the endocannabinoid system in the 
control of conditioned fear. Therefore, we first proceeded to investigate the effect that enhanced 
CB1 signaling has on the freezing response to the tone under physiological conditions, before we 
identified the neuronal subpopulation which mediates the CB1-mediated fear-promoting effects. 
For this reason we systematically increased the availability of AEA and/or 2-AG, and studied the 
consequences of this manipulation on expression of conditioned fear. We obtained the following 
findings: (i) the endocannabinoid uptake inhibitor AM404, but not VDM11, turned the sustained 
freezing response into a decaying freezing response; (ii) Blocking the degradation of AEA by 
URB597 also decreased the expression of conditioned fear; (iii) Blocking the degradation of 2-
AG by JZL184, in contrast, promoted the expression of conditioned fear, similarly to CP55,940.  
The fear-alleviating effects of URB597 are in accordance with the literature (Busquets-García et 
al, 2011; for reviews see Riebe et al, 2012; Micale et al, 2013). They demonstrate that enhanced 
AEA signaling attenuates the freezing response to the tone. The effects of URB597 seem to 
outlast the acute consequences on fear relief, since we observed a lasting decrease in freezing 
also at d10, i.e. without additional URB597 treatment. These long-term effects might be ascribed 
to enhanced long-term extinction of conditioned fear; however, URB597 is an irreversible 
inhibitor of FAAH (Kathuria et al, 2003), and FAAH activity is not fully reconstituted 10 days 
after a single injection of AM3506, another irreversible FAAH inhibitor (Gunduz-Cinar et al, 
2013). Therefore, we cannot entirely rule out that the biochemical effects of three injections of 
URB597 (d1-d3, 1mg/kg each) were maintained until d10. This would have the consequence that 
the increased availability of AEA acutely facilitates fear relief also at d10.  
AM404 had essentially the same effects on acute fear relief as URB597. This suggests that its 
effects primarily relate to blockade of AEA rather than 2-AG uptake. Such selectivity is 
supported by AM404 effects on the FAAH-like anandamide transporter (FLAT), which is 
responsible in part for the uptake of AEA, but not 2-AG, and which is inhibited by AM404 (Fu et 
al, 2012). However, VDM11, another endocannabinoid uptake inhibitor which blocks FLAT with 
the same efficacy as AM404 (Fu et al, 2012), failed to affect the freezing response. Currently we 
do not know whether this discrepancy relates to different effects of the two drugs on locomotor 
activity or to subtle differences in blocking the uptake of AEA vs. 2-AG. In fact, AM404 seems 
to inhibit the uptake of 2-AG as well (Beltramo and Piomelli, 2000; Bisogno et al, 2001; 
Wiskerke et al, 2012) by yet unknown mechanisms (Fowler, 2012). It is possible that inhibition 
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of AEA cellular reuptake is per se not sufficient to inhibit conditioned fear and that the 
behavioral consequences of AM404 result not only indirectly from enhanced CB1 signaling, but 
also directly from activation of TRPV1, since this compound is a potent agonist at this channel 
too (De Petrocellis et al, 2000; Zygmunt et al, 2000; Ralevic et al, 2001; Ross et al, 2001). In line 
with this reasoning, we could block the fear-alleviating effects of AM404 not only with a CB1 
antagonist, but also with a TRPV1 antagonist. This observation extends our current concepts 
about yin-yang effects of CB1 vs. TRPV1 signaling in fear and anxiety: indeed, we suggest that 
enhanced CB1 and TRPV1 signaling may not only exert opposite effects (Moreira et al, 2012), 
but also act in the same direction, by promoting acute fear relief. This observation may also 
explain our failure to promote fear relief by administration of OMDM198, another FAAH 
inhibitor, which serves as a TRPV1 antagonist at the same time (Maione et al, 2013). 
Our observation that pharmacological inhibition of the MAGL by JZL184 results in an enhanced 
freezing response provides the first demonstration that the increased availability of 2-AG may 
promote the expression of conditioned fear. However, mice treated with JZL184 may show 
classical tetrad responses, including hypolocomotion (Long et al, 2009), which might be mistaken 
for increased freezing. Therefore, we confirmed in an open field task that treatment with JZL184 
failed to affect general locomotor activity. It is conceivable that JZL184 decreases locomotion 
only at higher doses (16 mg/kg, Long et al, 2009) than those used in the present study (4 and 8 
mg/kg). This might explain also why we failed to observe the previously reported development of 
tolerance to repeated JZL184 treatment (40 mg/kg, 6 days; Schlosburg et al, 2010), which is in 
accordance with another study using 8 mg/kg JZL184 for 6 days (Busquets-Garcia et al, 2011). In 
the present study JZL184 (4 mg/kg, 3 days) exerted its prominent effects also during the third 
injection. In fact, the effects of JZL184 were even more pronounced upon repeated treatment. It 
is tempting to relate this observation to the “priming” of 2-AG synthesis, which has been 
observed after repeated exposures to a homotypic stressor (Patel et al, 2005; Hill et al, 2010). 
Accordingly, JZL184 would be most effective in situations with increased 2-AG synthesis. The 
fear-promoting effects of JZL184 appear to be at odds with its anxiolytic effects (Busquets-
Garcia et al, 2011; Kinsey et al, 2011; Sciolino et al, 2011; Aliczki et al, 2013; Almeida-Santos et 
al, 2013). Apparently, 2-AG differentially affects the acute expression of conditioned fear and 
anxiety-like behavior in exploration-based anxiety tasks. In this context it is of note that the 
anxiolytic effects were reported for doses of 8 mg/kg or higher, whereas the most prominent 
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effects of JZL184 on freezing were observed with 4 mg/kg. In addition, the anxiolytic effects of 
2-AG seem to be mediated, at least in part, by CB2 receptors (Busquets-Garcia et al, 2011; 
Almeida-Santos et al, 2013), whereas, in our case, the fear alleviating effects of AM404 
depended on CB1 and TRPV1 signaling. 
The question remained as to the mechanisms behind the fear-promoting effects of 2-AG. To 
answer this question, we used conditional mouse mutants which lack expression of CB1 either in 
cortical glutamatergic neurons (Glu-CB1-KO) or GABAergic neurons of the forebrain (GABA-
CB1-KO). Behavioral analyses of vehicle-treated mutants and wild-type controls confirmed the 
previously reported increase in conditioned fear in Glu-CB1-KO (Kamprath et al, 2009; Metna-
Laurent et al, 2012) and decrease in GABA-CB1-KO (Metna-Laurent et al, 2012). Consequently, 
endocannabinoids seem to facilitate fear relief via CB1 on glutamatergic terminals, while they 
promote fear expression via CB1 on GABAergic neurons. Similar yin-yang effects of 
endocannabinoid actions at the two neuronal populations were reported for anxiety (Rey et al, 
2012), novelty seeking (Lafenetre et al, 2009), food intake (Bellocchio et al, 2011), potentiation 
of descending antinociception (Maione et al, 2006) and avoidance learning (Metna-Laurent et al, 
2012). In line with fear-promoting effects of CB1 on GABAergic neurons, the fear promoting 
effects of enhanced 2-AG signaling were completely abolished in GABA-CB1-KO. The lack of 
freezing potentiation in Glu-CB1-KO, in contrast, is inconclusive due to the high freezing levels 
already shown by these animals when treated with vehicle, and the subsequent possibility of 
ceiling effects, which may have masked any further increase in freezing caused by JZL184.  
Without disregarding the complexity of 2-AG signaling including its effects on glutamatergic 
transmission, histological and electrophysiological studies provide compelling evidence for the 
involvement of 2-AG in regulating GABAergic transmission as a retrograde messenger (Alger 
and Kim, 2011; Di Marzo, 2011; Luchicchi and Pistis, 2012). This relates, among others, to the 
presence of MAGL, but not FAAH, in inhibitory neurons (Gulyas et al, 2004; Uchigashima et al, 
2011) as well as to the absence of depolarization-induced suppression of inhibition (DSI) if the 
synthesis of 2-AG is abolished by genetic means (Tanimura et al, 2010; Gao et al, 2010; Yoshino 
et al, 2011). By contrast, enhanced 2-AG signaling resulting from pharmacological or genetic 
attenuation of 2-AG degradation, prolongs DSI (Kim and Alger, 2004; Hashimotodani et al, 
2007; Pan et al, 2011).  
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We wish to summarize the findings of the present study in the following hypothetical scenario: 
Endocannabinoids exert a bidirectional control of acute fear responses. On the one hand, fear 
relief results from the acute down-regulation of glutamatergic transmission by AEA (Riebe et al, 
2012). Synthesis and release of AEA depends on the aversiveness of the test situation and likely 
involves the spill-out of excessively released glutamate out of the synaptic zone, where it reaches 
extrasynaptic metabotropic glutamate receptors (Katona and Freund, 2008; Moreira and Wotjak, 
2010; Hill et al, 2010). In highly-aversive situations, the fear-alleviating effects of AEA are 
limited by uptake and degradation processes, which restrict the bioavailability of the 
endocannabinoid. Accordingly, inhibitors of the AEA transporter FLAT (e.g. AM404) or the 
degrading enzyme FAAH (e.g. URB597) promote fear relief in particular in highly aversive 
situations. This process involves TRPV1 in addition to CB1 signaling, since either inhibitors of 
endocannabinoid inactivation might target this channel (as it is likely the case of AM404) or 
enhancement of the AEA levels can induce TRPV1 activation. On the other hand, blockade of 
MAGL by JZL184 unleashes 2-AG, which binds preferentially to CB1 on GABAergic neurons. 
The resulting reduction in inhibitory tone causes an enhancement of the freezing response (Heldt 
et al, 2012). Surprisingly, despite the fear-promoting effects of the MAGL inhibitor, the 
contribution of 2-AG signaling to the sustained freezing responses appears to be negligible in 
vehicle-treated mice. Otherwise, one should have observed a reduction in freezing upon 
pharmacological blockade of CB1, which, however, was not the case. How to explain this 
apparent conundrum? 2-AG is predominantly synthesized in dendritic spines of excitatory 
synapses (Yoshida et al, 2006; Uchigashima et al, 2011; Suarez et al, 2011). The tight control of 
2-AG signaling by rapid uptake and degradation by the proximal presynaptic terminals prevents 
the diffusion of 2-AG to CB1 on more distant GABAergic neurons (i.e. heterosynaptic signaling). 
Inhibition of 2-AG degradation enables the “spill-over” of 2-AG to GABAergic synapses, where 
it now exerts its fear-promoting effects overruling its potential fear-alleviating effects at 
glutamatergic synapses. In agreement with such a scenario, the fear-promoting consequences of 
CB1 activation on GABAergic neurons prevail if the brain is flushed with an exogenous CB1 
agonist such as CP55,940. So far, this scenario is solely based on present and past studies on 
endocannabinoid regulation of freezing. It remains to be shown in the future whether it also 
applies to other fear responses, such as changes in vegetative parameters or flight behavior. 
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The exact modes of action of 2-AG vs. AEA are still far from being clear, including the brain 
structures involved. Nevertheless, the present study teaches a couple of important lessons 
regarding the future pharmacological exploitation of the endocannabinoid system: 1) CB1 
agonists bear the risk to promote rather than alleviate fear responses; 2) endocannabinoids are 
differentially involved in fear regulation with AEA attenuating fear, via CB1 on glutamatergic 
neurons, and 2-AG promoting fear via CB1 on GABAergic neurons. In consequence, a possible 
therapeutic strategy to increase extinction-related therapy efficiency could include the 
pharmacological increase of AEA signaling, while leaving 2-AG levels unaffected. This will be 
particularly challenging, given the multiple interactions between AEA and 2-AG (e.g. 
Maccarrone et al, 2008; Di Marzo, 2011). Pharmacological enhancement of AEA levels might be 
of interest for the treatment of psychiatric disorders which are associated with exaggerated fear, 
such as phobias, panic disorder and PTSD. The association between genetic polymorphisms in 
gene loci encoding for FAAH and CNR1 (i.e. CB1) and sustained fear and PTSD prevalence in 
humans (Hariri et al, 2009; Heitland et al, 2012; Pardini et al, 2012; Gunduz-Cinar et al, 2013; for 
review see Hillard et al, 2012) underscore the potential translational value of our preclinical 
findings and, thus, the suitability of such an approach.   
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Figure legends 
Figure 1: Pharmacological agonism and antagonism of CB1 increase, while CB2 blockade 
decreases, sustained freezing to the tone in response to a 1.5 mA fear conditioning, with no 
effects of CB2 activation and TRPV1 blockade. Mice were assigned to 3 groups, which 
underwent a single tone-shock pairing with 0.5, 0.75 or 1.5 mA (d0). All mice were re-exposed to 
the tone for 3 min at d1, d2, d3 and d10 after conditioning. They were treated with saline (i.p.) 30 
min before tone presentation (A). Mice underwent a single tone-shock (1.5 mA) pairing at d0, 
followed by re-exposure to the tone for 3 min at d1, d2, d3 and d10. At d1-d3, they were treated 
with (B) the TRPV1 receptor antagonist SB366791 (1 or 3 mg/kg), (C) the CB1 receptor 
antagonist/ inverse agonist SR141716 (3 mg/kg), (D) the CB2 receptor antagonist AM630 (3 
mg/kg), (E) the CB1 receptor agonist CP55,940 (1 or 50 µg/kg), (F) the CB2 receptor agonist 
JWH133 (3 mg/kg, all i.p.), or vehicle 30 min before tone presentation at d1-d3. At d10, all mice 
were treated with vehicle. Note that SR141716 and AM630 were tested in the same experiment 
and, therefore, share the same vehicle control. Data (mean ± SEM, sample sizes in brackets) were 
analyzed and depicted in 20s bins; x > y (e.g., III > I) – significant group differences (p < 0.05, 
ANOVA, followed by Newman-Keuls post-hoc test); * p < 0.05, ** p < 0.01 (significant group x 
time interval interaction, followed by Newman-Keuls test). 
 
Figure 2: Interference with endocannabinoid uptake and/or degradation has bidirectional 
effects on conditioned fear. Mice underwent a single tone-shock (1.5 mA) pairing at d0, 
followed by re-exposure to the tone for 3 min at d1, d2, d3 and d10. At d1-d3, they were treated 
with (A) the endocannabinoid uptake inhibitor VDM11 (3 mg/kg), (B) the endocannabinoid 
uptake inhibitor/ TRPV1 agonist AM404 (3 mg/kg), (D) the FAAH inhibitor URB597 (0.3 or 1 
mg/kg), (E) the FAAH inhibitor/ TRPV1 antagonist OMDM198 (1, 2.5 or 5 mg/kg), (F) the 
MAGL inhibitor JZL184 (4 or 8 mg/kg, all i.p.) or the respective vehicle solutions 30 min 
(A,B,C,E) or 2h (D,F) before tone presentation at d1-d3. (C) Mice received two vehicle injection, 
vehicle + AM404 (3 mg/kg), SR141716 (3 mg/kg) + AM404 (3 mg/kg; n = 9) or SB366791 (3 
mg/kg) + AM404 (3 mg/kg; n = 9) 60 min/ 30 min before tone presentation at d1-d3. At d10, all 
mice were treated with vehicle. * p < 0.05, ** p < 0.01 vs. all other groups (for further details see 
legend of Fig. 1). 
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Figure 3: Conditional deletion of CB1 in GABAergic vs. glutamatergic neurons causes 
opposite changes in conditioned fear. (A) GABA-CB1-KO, (B) Glu-CB1-KO and their 
respective wild-type (WT) controls underwent a single tone-shock (1.5 mA) pairing at d0, 
followed by re-exposure to the tone for 3 min at d1, d2, d3 and d10. Each time they received a 
vehicle treatment 2h before tone presentation. * p < 0.05, ** p < 0.01 vs. WT controls (for further 
details see legend of Fig. 1). 
 
Figure 4: The fear-promoting effects of JZL184 are completely abolished in GABA-CB1-KO 
and Glu-CB1-KO. (A-C) GABA-CB1-KO (n = 18), (D-F) Glu-CB1-KO (n = 9) and their 
respective wild-type (WT) controls underwent a single tone-shock (1.5 mA) pairing at d0, 
followed by re-exposure to the tone for 3 min at d1, d2, d3 and d10. They were treated with 
vehicle or JZL184 (4mg/kg, all i.p.) 2h before tone presentation at d1-d3. At d10, all mice were 
treated with vehicle. Data were depicted in 20s bins (A,B,D,E) or averaged over the total 3min 
tone presentation (C,F). ** p < 0.01, *** p < 0.001 vs. vehicle treatment (for further details see 
legend of Fig. 1). 
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Supplemental Figure 1: Consequences of pharmacological treatment on locomotor activity in 
C57BL/6N mice. The animals were treated in the same manner as done before re-exposure to the 
tone at d1-d3 (cf. Fig. 1 + 2), 16 days after fear conditioning. The following behavioral measures 
were scored during the subsequent 15-min exposure to the activity chambers and analyzed in 3-
min bins: (i) movement time (left), distance (middle) and number of vertical explorations 
(rearings, right). I > II – significant group differences (p < 0.05, ANOVA, followed by Newman-
Keuls post-hoc test); * p < 0.05 (significant group x time interval interaction, followed by 
Newman-Keuls test). 
 
Supplemental Figure 2: Consequences of JZL184 on locomotor activity in GABA-CB1-KO. 
GABA-CB1-KO and WT controls were treated with JZL184 (4 mg/kg) or vehicle in the same 
manner as done before re-exposure to the tone at d1-d3 (cf. Fig. 4A-C), 16 days after fear 
conditioning. The following behavioral measures were scored during the subsequent 15-min 
exposure to the activity chambers and analyzed in 3-min bins: (i) movement time (left), distance 
(middle) and number of vertical explorations (rearings, right).  
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RESULTADOS PRINCIPALES Y CONCLUSIONES PARCIALES 
 
El presente estudio se centró en investigar las consecuencias de un incremento, 
mediante métodos farmacológicos, de la señalización de AEA y 2-AG en la expresión 
del miedo condicionado. Nuestros resultados demuestran que la inhibición de la 
degradación de AEA reduce el freezing, conducta asociada al miedo en la que el animal 
se queda paralizado, mediante un mecanismo dependiente tanto del receptor CB1 como 
del TRPV1. La inhibición de la degradación de 2-AG, sin embargo, promueve el 
freezing, de una manera similar a la acción de un agonista del receptor CB1, y este 
efecto es dependiente de la expresión de receptores CB1 en neuronas GABAérgicas. 
 Para estudiar las consecuencias de la administración repetida de compuestos 
cannabinoides sobre la expresión de miedo condicionado, lo primero que hicimos fue 
establecer un protocolo de condicionamiento que provocara una respuesta de miedo, o 
freezing, sostenida, es decir, que no decayera a lo largo de las sesiones de extinción. 
Para ello, condicionamos a los animales (ratones C57Bl/6) con un shock eléctrico de 
0,5, 0,75 ó 1.5 mA. Nuestros resultados demuestran que el grupo que recibió el shock de 
mayor intensidad exhibió una respuesta de miedo durante la extinción mayor que la de 
los otros grupos de animales. Por este motivo, en los consiguientes experimentos 
decidimos utilizar esta intensidad de shock durante el condicionamiento de los animales. 
 El siguiente paso fue el de conocer si el SEC y/o el sistema endovaniloide 
participaban en la respuesta de miedo sostenida obtenida en el anterior experimento. 
Para ello, administramos a los animales un antagonista de TRPV1 (SB366791; 1 y 3 
mg/kg), un antagonista o agonista inverso del receptor CB1 (SR141716; 3 mg/kg) o un 
antagonista del receptor CB2 (AM630; 3 mg/kg) 30 minutos antes de comenzar la fase 
de extinción (del día 1 al 3 tras el condicionamiento). Observamos que el tratamiento 
con SB366791 no produjo ningún efecto sobre la respuesta de miedo condicionado, 
mientras que el tratamiento con SR141716 incrementó la respuesta de freezing de 
manera significativa  el segundo día de tratamiento. Además, pudimos observar cierta 
persistencia de los efectos 10 días después del condicionamiento (en el que los animales 
sólo recibieron vehículo). Por último, el tratamiento con AM630 produjo una 
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disminución significativa del porcentaje de freezing el primer día de extinción, sin 
efectos durante los dos días siguientes. 
 El tratamiento de los ratones con una dosis baja del agonista del receptor CB1 
CP-55,940 (CP; 1 μg/kg) no tuvo ningún efecto sobre la respuesta de freezing. Sin 
embargo, una dosis mayor (50 μg/kg) provocó un aumento de la respuesta de miedo 
condicionado. Este efecto fue estadísticamente significativo el segundo y el tercer día de 
extinción. Con todo, no encontramos efectos persistentes por parte del tratamiento al no 
encontrar diferencias significativas a día 10 postcondicionamiento. Tampoco 
observamos ninguna alteración del miedo condicionado debida a la administración del 
agonista del receptor CB2 (JWH133; 3 mg/kg).  
 Para evaluar si el incremento de los niveles de cannabinoides endógenos provoca 
efectos similares a los observados con el CP, empleamos inhibidores de la recaptura e 
inhibidores de la degradación, tanto de AEA como de 2-AG, dos de los 
endocannabinoides mejor conocidos. 
 El tratamiento con VDM11 (3 mg/kg), un inhibidor de la recaptura de los 
endocannabinoides no produjo ningún efecto sobre las respuestas de miedo 
condicionado, sin embargo, el AM404, otro inhibidor de la recaptura, causó una 
disminución significativa de la respuesta de freezing en comparación con la respuesta 
sostenida que presentaron los grupos tratados con vehículo. Este efecto fue significativo 
a día 1 y 3 tras el condicionamiento, mientras que a día 2 sólo se observó una tendencia. 
Como se demuestra a través de la coadministración de los antagonistas tanto del 
receptor CB1 como del TRPV1, los efectos aliviadores del miedo observados por el 
tratamiento con AM404 dependieron de la señalización del receptor CB1 y del TRPV1 
ya que tanto el SR141617 como el SB366791 bloquearon la disminución de la respuesta 
de miedo provocada por el AM404. 
 Se sabe que el AM404 produce un incremento de los niveles tanto de AEA como 
de 2-AG, así que, para verificar cuál de los dos ligandos endocannabinoides participa en 
tales efectos sobre la conducta de miedo, utilizamos un inhibidor de la FAAH, el 
URB597 (0,3 y 1 mg/kg). La dosis de 1 mg/kg consiguió disminuir el porcentaje de 
freezing de manera significativa 2 días después del condicionamiento, mientras que el 
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tercer día pudimos observar una tendencia en el mismo sentido. Los efectos aliviadores 
de la respuesta de miedo condicionado duraron hasta el día 10, es decir, fueron 
persistentes a pesar de la interrupción del tratamiento el día 3. 
 Además del URB597, también empleamos el OMDM198 (1, 2,5 y 5 mg/kg), un 
inhibidor de la FAAH además de antagonista de TRPV1. Sin embargo, los animales 
tratados con este compuesto cannabinoide no mostraron ninguna alteración de la 
respuesta de miedo. 
 Por último, estudiamos las consecuencias de un incremento de los niveles de 2-
AG sobre la expresión de miedo. El tratamiento con el inhibidor de la MAGL (JZL184; 
4 y 8 mg/kg) produjo un aumento significativo de la respuesta de miedo los 3 días 
siguientes al condicionamiento. No se encontraron diferencias significativas en los 
efectos de ambas dosis entre sí, pero la dosis de 4 mg/kg pareció ser más eficiente que la 
dosis de 8 mg/kg. No observamos efectos a largo plazo (a día 10) del tratamiento con 
JZL184. 
 El siguiente paso fue el de identificar la población neuronal involucrada en los 
efectos del JZL184. Con este fin tratamos ratones mutantes condicionales, con una 
deficiencia de expresión del receptor CB1 bien en neuronas glutamatérgicas corticales 
(Glu-CB1-KO) o bien en neuronas GABAérgicas (GABA-CB1-KO) con JZL184 (4 
mg/kg). Los resultados demuestran la existencia de diferencias en la respuesta de miedo 
entre los grupos salvajes o wild-type y los grupos knock-out (KO). Los animales KO 
para el gen del receptor CB1 en terminales GABAérgicos mostraron una ligera menor 
respuesta de miedo condicionado que los animales con el fenotipo salvaje, significativa 
sólo el día 2 tras el condicionamiento. Sin embargo, los animales KO para el receptor 
CB1 en terminales glutamatérgicos exhibieron una mayor respuesta de freezing que sus 
compañeros wild-type a lo largo de todo el experimento. En los animales GABA-CB1-
WT, el tratamiento con JZL184 provocó un aumento significativo de la respuesta de 
miedo, al igual que en los animales Glu-CB1-salvajes, aunque en estos últimos de 
manera menos pronunciada. En ninguno de los dos casos se observaron efectos 
perdurables a día 10. Los efectos del JZL184 se vieron completamente anulados en los 
animales GABA-CB1-KO. Tampoco obtuvimos diferencias significativas debidas al 
tratamiento en los animales Glu-CB1-KO. El último paso del presente análisis fue el de 
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estudiar las diferencias entre los dos genotipos (salvaje y KO) en los efectos del JZL184 
a lo largo de los 3 días de extinción. Observamos, en los animales GABA-CB1-salvajes, 
que el tratamiento provocó un incremento significativo de la respuesta de miedo con 
respecto al grupo KO, en el cual el tratamiento farmacológico no provocó a priori 
ninguna alteración. En cuanto a los animales con una deleción del gen para el receptor 
CB1 en terminales glutamatérgicos no encontramos ningún efecto significativo del 
tratamiento con el compuesto cannabinoide. 
 En lo que respecta a los efectos sobre la actividad locomotora, medida en el 
campo abierto y utilizando el mismo intervalo de tiempo entre la administración de los 
fármacos y el comienzo del test conductual al realizado durante las fases de extinción, 
pudimos observar lo siguiente: 
- El tratamiento con AM404 causó un ligero aumento de la distancia recorrida, pero 
no del tiempo de movimiento. 
- El tratamiento con VDM11 produjo una disminución significativa de la distancia 
recorrida y de la frecuencia de posturas erguidas 
- Los animales GABA-CB1-KO mostraron una disminución de la actividad 
locomotora algo más pronunciada hacia el final de la prueba que los animales con 
fenotipo salvaje. 
Estas alteraciones de la actividad locomotora observadas en estos grupos 
experimentales no con capaces de explicar por sí mismas las diferencias encontradas en 
las respuestas de miedo condicionado. En el caso de los animales tratados con 
SR141617, observamos una disminución significativa de la actividad motora tanto 
horizontal como vertical. Esta disminución de la actividad podría de alguna manera 
confundirse con el incremento del tiempo de freezing registrado en estos animales, una 
cuestión que no debemos descartar en relación a la posibilidad de que el bloqueo de los 
receptores CB1 provoque un incremento de la respuesta de miedo condicionado.  
Gracias a los resultados obtenidos en el presente estudio podemos concluir que los 
endocannabinoides se encuentran diferencialmente involucrados en la regulación de las 
respuestas de miedo, siendo la AEA la que inhibe conductas asociadas al miedo y el 2-
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AG el que promueve el freezing, acción que parece realizar a través de los receptores 
CB1 de los terminales GABAérgicos. En consecuencia, debería prestarse atención a la 
hora de incrementar selectivamente los niveles de endocannabinoides, intentando 
aumentar los de AEA sin modificar los de 2-AG. En esta misma línea, el incremento 
farmacológico de los niveles de AEA podría ser de gran interés para el tratamiento de 
trastornos psiquiátricos asociados a un miedo exagerado, tales como las fobias, el 
trastorno de pánico y el trastorno por estrés postraumático (PTSD, del inglés Post-
traumatic stress disorder), lo cual supone un gran reto dadas las múltiples interacciones 
que existen entre la AEA y el 2-AG. La asociación entre polimorfismos genéticos en los 
loci FAAH y CNR1 (genes que codifican para FAAH y receptor CB1, respectivamente) 
y la prevalencia de PTSD en seres humanos resaltan el valor translacional de los 
descubrimientos preclínicos y, por tanto, la idoneidad de tal enfoque. Asimismo, el uso 
de agonistas exógenos del receptor CB1, como por ejemplo, el consumo de cannabis, 
conlleva el riesgo de promover las respuestas asociadas al miedo, lo cual concuerda con 
la relación existente entre el abuso de cannabis y la aparición de ataques de pánico. 
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1. EFECTOS A LARGO PLAZO DE LA SEPARACIÓN MATERNA 
TEMPRANA Y LA EXPOSICIÓN CRÓNICA DURANTE LA ADOLESCENCIA 
A UNA DROGA DE ABUSO 
 
1.1. Consecuencias de la separación materna neonatal y la administración del 
agonista cannabinoide CP-55,940 en edad juvenil 
Los resultados de este trabajo, en lo que se refiere a alteraciones conductuales y 
endocrinas indican que, en general, los efectos, tanto de la separación materna (SM) 
como de tratamiento adolescente con CP-55,940 (CP) fueron dependientes del sexo y 
que la combinación de ambos tratamientos no produjo una potenciación de efectos en 
las pruebas y valoraciones que realizamos.  
La SM produjo un aumento en el comportamiento materno (frecuencia de 
licking-grooming) tras la reunión de la madre con sus crías. Hasta el momento actual, 
este parece ser el primer estudio que ofrece un análisis del comportamiento materno 
después de este tipo específico de SM. Este aumento del cuidado materno está en 
concordancia con otros estudios que emplean separaciones de la madre de sus crías de 
forma periódica (Macrì et al., 2004).  
 En la etapa adulta, las ratas macho SM, mostraron un aumento de tiempo de 
permanencia en los brazos abiertos del laberinto en cruz elevado (LCE), lo que ha sido 
clásicamente interpretado como un indicador de efecto ansiolítico (Pellow y File, 1986). 
Sin embargo, tal comportamiento es también interpretable como un aumento del 
comportamiento de riesgo (Davis et al., 2009; Löfgren et al., 2006). Dado que otros 
índices de ansiedad, como el tiempo de permanencia en el interior del tablero con 
agujeros (TCA), no se vieron afectados por la SM, es a nuestro juicio más probable que 
el aumento del tiempo de permanencia en los brazos abiertos del LCE esté relacionado 
con un aumento del comportamiento de riesgo. Es más, anteriores estudios realizados 
por nuestro grupo han revelado que machos adolescentes sometidos a la SM mostraban 
una tendencia a una mayor impulsividad (Marco et al., 2007). 
 En contraste con lo observado en otros estudios (Ellenbroek et al., 1998, 2004; 
Ellenbroek y Cools, 2000, 2002; Husum et al., 2002), la SM no produjo un déficit en el 
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test de la inhibición prepulso (PPI) en ninguno de los sexos. Datos previos indican que 
los cambios en la PPI producidos por la SM son específicos de cepa, y han sido 
observados en ratas Wistar, pero no en ratas Lewis o Fischer 344 [Ellenbroek y Cools, 
2000; ver también Choy et al. (2009) y Lehmann et al., (2000) para resultados negativos 
en ratas Wistar]. Si bien, el presente trabajo se realizó con ratas Wistar, la existencia de 
diferentes proveedores y de distintas subcepas podrían ser factores adicionales 
susceptibles de ser tenidos en cuenta, como inductores de variación, a la hora de 
explicar los diferentes resultados. En nuestra opinión, es plausible que los efectos 
deletéreos que la SM per se pudiera haber ejercido sobre la PPI se hayan revertido de 
alguna manera por la importante manipulación diaria a la que los animales fueron 
sometidos para ser pesados e inyectados con el tratamiento farmacológico durante el 
periodo adolescente. Ha sido ya descrito que la manipulación de los animales durante el 
periodo adolescente tiene un efecto mayor sobre el comportamiento que la misma 
manipulación en la edad adulta (Maldonado y Kirstein, 2005). Es más, los efectos 
deletéreos del aislamiento social sobre la respuesta de PPI se revierten si se somete a los 
animales a un protocolo de manipulación post-destete (Rosa et al., 2005; Krebs-
Thomson et al., 2001). Un factor adicional que debemos considerar es que el 
incremento del cuidado materno observado tras el periodo de SM pudiera haber 
contribuido a contrarrestar las consecuencias negativas de la SM en la capacidad de PPI. 
Como no se ha medido el comportamiento materno en estudios previos usando este 
procedimiento de SM no podemos dilucidar si el efecto compensador del aumento de 
comportamiento materno depende del tipo de cepa o subcepa de las ratas empleadas 
para el estudio. Todos estos factores podrían contribuir también a explicar por qué bajo 
las presentes condiciones no encontramos un incremento de la reactividad del eje 
hipotálamo-hipófisis-adrenal (HHA) en las ratas SM adultas. A pesar de que los efectos 
de la SM sobre el eje HHA no son consistentes (Lehmann y Feldon, 2000), algunos 
estudios con SM a día postnatal (DP) 9 mostraron un aumento de la respuesta de la 
corticosterona al estrés por inmovilización en ratas adultas (Lehmann et al., 2002). 
 En línea con estudios previos realizados en nuestro laboratorio (Llorente et al., 
2007) y de otros autores que emplean el presente procedimiento de SM (separación 
durante 24 horas de la madre de sus crías a DP 9) (Gruss et al., 2008) nuestros 
resultados también muestran que la SM produce una disminución del peso corporal a 
largo plazo. Posiblemente existe una relación entre esta disminución de peso en ratas 
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adultas de ambos sexos sometidas a SM y sus bajos niveles de leptina plasmática. Estos 
datos en etapa adulta complementan resultados previos de nuestro laboratorio en los que 
ratas de 13 días de edad postnatal muestran igualmente niveles de leptina reducidos tras 
sufrir el mismo procedimiento de SM (Viveros et al., 2009), lo que claramente indica 
que los cambios inducidos sobre esta hormona por la SM persisten a lo largo del 
tiempo. 
 Como cabía esperar, a partir de lo encontrado por otros autores (Arévalo et al., 
2001; McGregor et al., 1996), la administración de CP produjo una disminución de la 
actividad motora tanto en machos como en hembras. Este efecto se detectó no sólo 
después de la primera exposición a la droga, sino también tras quince días de 
inyecciones diarias, lo que indica que no se desarrolló una tolerancia importante a este 
efecto del fármaco. El efecto del CP no persistió tras la interrupción del tratamiento y 
fue independiente de la SM, lo que sugiere que los efectos del CP no persisten en el 
tiempo, al menos 24 horas después de la última inyección de CP y que no existe una 
interacción de la SM con los efectos inhibidores de la actividad motora producidos por 
el agonista cannabinoide. 
Nuestros resultados indican que las hembras tratadas con CP durante el periodo 
adolescente mostraron una disminución de la PPI en la etapa adulta (cuando la 
intensidad del prepulso fue de 80 dB), lo cual concuerda con resultados previos 
encontrados en machos después de un tratamiento peripuberal (Wegener y Koch, 2009; 
Schneider et al., 2005; Schneider y Koch, 2003) con el agonista cannabinoide 
WIN55,212-2. Sin embargo, en nuestro caso, los machos tratados con CP no mostraron 
cambios en la PPI. Mientras que la PPI se ha visto afectada en las hembras, la amplitud 
del reflejo acústico basal no se ha visto alterado, lo que sugiere que en este test no se 
detectaron efectos ni de tipo ansiogénico ni de tipo ansiolítico del tratamiento evaluados 
mediante el análisis de la respuesta de sobresalto. 
El tratamiento durante la adolescencia con el CP no alteró el comportamiento de 
los machos en el TCA en la edad adulta mientras que las hembras mostraron un 
aumento de comportamiento de exploración y una disminución del comportamiento de 
tipo ansiogénico (aumento de la ambulación interna en el campo abierto) lo que 
concuerda parcialmente con resultados previos de nuestro grupo obtenidos usando un 
tratamiento similar con el mismo agonista cannabinoide (Biscaia et al., 2003).  
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En este estudio, el tratamiento con CP no produjo cambios en el comportamiento 
en el LCE ni en machos ni en hembras. En estudios previos, el tratamiento con CP 
durante el periodo adolescente incrementó el tiempo de permanencia en los brazos 
abiertos (pero no el porcentaje de entradas en los brazos abiertos) tanto en machos como 
en hembras (Biscaia et al., 2003), mientras que otros autores no encontraron efectos a 
largo plazo en el comportamiento de los animales en el LCE después de un tratamiento 
con CP (Higueras-Matas et al., 2009) u otros agonistas cannabinoides como el ∆9-
tetrahidrocannabinol (THC) (Rubino et al., 2008) durante la adolescencia. Existen 
varias diferencias en el procedimiento empleado, entre ellos la duración y el periodo del 
tratamiento administrado durante la adolescencia, el orden de las pruebas conductuales 
realizadas en la edad adulta y/o el intervalo de tiempo entre el final del tratamiento 
farmacológico y el comienzo de las pruebas, lo que podría explicar la diferencia de 
resultados entre unos experimentos y otros. 
 En conjunto, los datos de este trabajo sugieren que las hembras se han visto más 
afectadas que los machos por el tratamiento adolescente con CP en la PPI y en el TCA. 
Sin embargo, los machos parecen verse más afectados por el agonista cannabinoide en 
relación a la reactividad del eje HHA. De hecho, los machos tratados con CP mostraron 
una respuesta aumentada de hormona adrenocorticotropa (ACTH) y corticosterona al 
test de la PPI, mientras que no se vio ningún efecto sobre estos parámetros en las 
hembras. En concordancia con estudios previos (Higuera-Matas et al., 2009; Biscaia et 
al., 2003) no se detectó ningún efecto del CP en los niveles basales de ACTH y 
corticosterona o en respuesta a un factor estresante de tipo medio como es el LCE, lo 
que indica que el efecto del agonista cannabinoide puede verse restringido a factores 
estresantes de mayor intensidad que la exposición a nuevos ambientes. Es por tanto 
posible que la administración durante la adolescencia de un agonista cannabinoide 
pueda producir efectos a largo plazo en la función del eje HHA de una manera sexo-
dependiente. Se sabe que una administración crónica con CP en ratas adultas aumenta 
los niveles de ARNm del factor liberador de corticotropina (CRF, del inglés 
corticotropin releasing factor) en el núcleo paraventricular del hipotálamo 24 horas 
después de la última inyección (Corchero et al., 1999), siendo ésta una estructura clave 
para la regulación del eje HHA [para más información ver Armario (2006)]. Además, la 
exposición crónica de ratas macho adultas a altas dosis del agonista cannabinoide HU-
210 aumentó los niveles de corticosterona como respuesta a un estrés por 
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inmovilización el día después de la última inyección del fármaco (Hill y Gorzalka, 
2006). Estas observaciones son compatibles con el hecho de que el sistema 
endocannabinoide (SEC) regula las respuestas neuroendocrinas al estrés (Gorzalka et 
al., 2008). El estrés aumenta la sintomatología psicótica y, en pacientes esquizofrénicos, 
se ha visto un incremento de la función del eje HHA; incremento que es reducido tras la 
administración de antipsicóticos (Walker et al., 2008). En su conjunto, estos datos 
apoyan la existencia de una relación entre el cannabis y las psicosis (Fernández-Espejo 
et al., 2009), y la idea de que una administración crónica con un cannabinoide pueda 
representar un modelo animal adecuado para el estudio de la sintomatología psicótica 
inducida por cannabis.  
 De acuerdo con datos previos de nuestro grupo (Biscaia et al., 2003), la 
administración de CP disminuyó la ganancia de peso durante el periodo que duró el 
tratamiento tanto en machos como en hembras. Efectos similares se han visto con 
distintos agonistas cannabinoides (Rubino et al., 2008; López-Moreno et al., 2004). Una 
parte importante de esta disminución en la ganancia de peso puede atribuirse a la típica 
reducción de ingesta observada tras la administración crónica del agonista cannabinoide 
(Biscaia et al., 2003). La reducción de ingesta y de ganancia de peso tras un tratamiento 
crónico con un cannabinoide podría ser debida a la bien conocida regulación a la baja de 
los receptores CB1 que se observa en varias regiones cerebrales, incluyendo el 
hipotálamo (Sim-Selley, 2003; Romero et al., 1998). Un factor adicional podría ser el 
estado aversivo causado por la administración aguda de la droga, fenómeno demostrado 
mediante técnicas de aversión de lugar condicionada (McGregor et al., 1996). 
 La disminución del crecimiento somático se vio acompañada por una 
disminución a largo plazo de los niveles circulantes de leptina en machos. De hecho, los 
machos no-SM tratados con CP tenían niveles de leptina disminuidos de 30 a 33 días 
después del final del tratamiento, mientras que los niveles, ya reducidos, de esta 
hormona en los machos separados no disminuyeron aún más tras el tratamiento crónico 
con CP. En hembras, los niveles de leptina en plasma se redujeron debido a la SM, pero 
no debido al tratamiento crónico con CP. La ausencia de efecto del CP sobre los niveles 
de leptina en las hembras no-SM podría relacionarse con el bajo impacto relativo del CP 
en la ganancia de peso corporal en las hembras si las comparamos con los machos (7% 
frente al 20%). Lo mismo podría aplicarse a la falta de efectos adicionales en los niveles 
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de leptina producidos por el CP en las ratas macho separadas. A este respecto, merece la 
pena mencionar que existen múltiples evidencias que apuntan a la existencia de 
dimorfismos sexuales en cuanto a los mecanismos activados por los agonistas 
cannabinoides en relación a la regulación de la homestasis energética (por ejemplo, 
ingesta de comida, metabolismo, temperatura corporal, interacciones con sustratos 
neurales implicados en la modulación del apetito) [para mayor información consultar 
Farhang et al. (2009)]. Es plausible que los efectos del CP sobre estos parámetros se 
relacionen con el papel del SEC en la regulación de la ingesta de comida y del balance 
energético (Bermúdez-Silva et al., 2010; Viveros et al., 2008). Es más, datos recientes 
de nuestro grupo indican que durante la adolescencia opera ya un sistema cannabinoide 
endógeno activo en cuanto a su implicación en la regulación del gasto energético y el 
metabolismo (Lamota et al., 2008). 
En cuanto a los efectos observados tras el análisis inmunohistoquimico de los 
cerebros de los animales empleados en esta parte de la Tesis, los resultados demuestran 
que tanto la SM como una exposición durante la adolescencia a un cannabinoide 
producen efectos a largo plazo sexo-dependientes sobre los niveles hipocampales de 
proteína glial fibrilar ácida (GFAP, del inglés glial fibrillary acidic protein), de 
receptores CB1 y de factor neurotrófico derivado del cerebro (BDNF, del inglés brain-
derived neurotrophic factor). Asimismo, se observaron en la capa de células 
polimórficas del giro dentado (GD) de las hembras adultas control unos mayores niveles 
basales de células GFAP+ que en la de los machos. Anteriormente, habíamos observado 
que a DP 13 las hembras control presentaban un mayor número de células GFAP+ que 
los machos control. Es más, también vimos que las hembras control mostraron un 
mayor número de células marcadas con Fluoro Jade-C (FJ-C) (i.e. neuronas en 
degeneración) que los machos control (Llorente et al., 2009). Estos datos sugieren que, 
a DP 13, las tasas de apoptosis “natural” y de proliferación de astrocitos podrían ser 
mayores en hembras que en machos. Potencialmente, estas diferencias en el desarrollo 
podrían estar involucradas en la generación de los dimorfismos sexuales observados en 
el presente estudio en animales adultos. La SM produjo, en machos, un aumento 
significativo del número de células GFAP+ en las áreas CA1 y CA3 y en la capa 
polimórfica del GD. En un estudio previo, este mismo protocolo de SM (24 h de SM a 
DP 9) causó un aumento significativo del número de células GFAP+ y FJ-C+ en el 
hipocampo a DP 13 (Llorente et al., 2009). Los presentes resultados demuestran que los 
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efectos de la SM se mantienen a lo largo del tiempo. El tratamiento con CP también 
produjo, en machos control, no-SM, un aumento significativo del número de células 
GFAP+ en la capa polimórfica del GD. 
La diferencia en el número de células inmunorreactivas para GFAP podría ser 
debida a los efectos causados por los tratamientos del presente diseño experimental 
durante el desarrollo sobre la diferenciación y la proliferación de astrocitos, o a la 
activación de astrocitos que previamente estuviesen en un estado quiescente. El 
aumento de la expresión de GFAP, así como el incremento del número de astrocitos 
inmunorreactivos para el GFAP han sido clásicamente considerados como marcadores 
de una gliosis reactiva asociada a modificaciones neurodegenerativas (Eng y Ghirnikar, 
1994). Uno de los posibles cambios moleculares descritos en la reactividad de los 
astrocitos por Sofroniew (2009) es una regulación a la alza de la expresión de GFAP. 
Este efecto podría permitir la detección de astrocitos que de otra manera se mantendrían 
por debajo del umbral de detección en los animales control mediante el uso de técnicas 
inmunohistoquímicas. Por tanto, parte de las diferencias encontradas en el número de 
células inmunorreactivas para el GFAP podrían reflejar modificaciones en la reactividad 
de los astrocitos (más que en el número de astrocitos) en respuesta a muerte neuronal. 
Estudios en seres humanos demuestran que los consumidores de cannabis en 
edad adolescente tienen una mayor probabilidad de consumir psicoestimulantes, 
alucinógenos u opioides que aquéllos que nunca han consumido cannabis antes 
(Fergusson et al., 2006), y modelos experimentales han revelado que los cannabinoides 
podrían causar alteraciones neuronales persistentes que pueden alterar las características 
estimulantes o reforzantes de otras drogas de abuso (Ellgren et al., 2007; Pistis et al., 
2004). Es interesante señalar la implicación de los astrocitos en el desarrollo de los 
efectos de recompensa y de la dependencia a drogas (Narita et al., 2008). Así pues, 
podríamos especular que los cambios observados en el número de células GFAP+ 
hipocampales del presente estudio podrían estar relacionados con este fenómeno. Con 
respecto a esta relación, se ha visto que los endocannabinoides activan los mecanismos, 
en los que están implicados los sistemas de recompensa, para la alimentación y 
promueven la diferenciación astrocítica (Higuchi et al., 2010). 
Un análisis proteómico, mediante un gel de electroforesis en dos dimensiones, 
realizado sobre muestras de hipocampo tratadas con THC reveló que diversas proteínas 
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mostraron alteraciones persistentes en respuesta a la administración de THC. El mayor 
número de proteínas diferencialmente expresadas en ratas adolescentes pretratadas con 
THC comparado con ratas adultas pretratadas con THC sugieren que existe una mayor 
vulnerabilidad a los efectos a largo plazo del THC sobre el primer grupo de animales. 
Entre las proteínas diferencialmente expresadas en ratas adolescentes expuestas al THC 
se incluyen proteínas del citoesqueleto y otras proteínas estructurales, incluyendo la 
transgrelina-3 (NP25), α y β-tubulinas y la proteína básica de la mielina (MBP, del 
inglés myelin basic protein) (Quinn et al., 2008). Esto podría estar relacionado con los 
cambios estructurales o de remodelación que ocurren tras la exposición adolescente a 
THC y concuerda con la observación de cambios en la citoarquitectura que ocurren 
debido a un tratamiento cannabinoide (Tagliaferro et al,. 2006) y con otros estudios que 
informan de una expresión alterada de las proteínas estructurales tubulina y actina 
(Wilson et al., 1996; Tahir et al., 1992). En resumen, las proteínas diferencialmente 
expresadas en el hipocampo de adolescentes pre-expuestos a THC tienen una variedad 
de funciones altamente relacionadas con el estrés oxidativo, la función mitocondrial y 
metabólica y la regulación del citoesqueleto. Los presentes resultados demuestran que la 
exposición durante la adolescencia a CP tendió a reducir la expresión de BDNF en las 
áreas CA1 y CA3 de las hembras, lo cual parece compatible con los resultados 
anteriormente expuestos. De hecho, el BDNF presenta importantes efectos sobre la 
función neuronal y la supervivencia y es importante en el mantenimiento de la 
morfología dendrítica y la función sináptica (Nagahara y Tuszynski, 2011). Por otro 
lado, la SM contrarrestó la influencia del CP y produjo un incremento del BDNF en las 
hembras. Existe cierta controversia en la bibliografía sobre los efectos en la edad adulta 
de diversos protocolos de SM sobre los niveles de expresión del BDNF hipocampal. 
Casi todos los estudios han descrito una disminución de los niveles de ARNm para 
BDNF o de la proteína (de Lima et al., 2011; Aisa et al., 2009; Lippmann et al., 2007; 
Roceri et al., 2002), en otros casos no se observaron alteraciones (Réus et al., 2011; 
Choy et al., 2008; Roceri et al., 2004) e incluso se han llegado a detectar mayores 
niveles de la proteína de BDNF sin cambios en los niveles de su ARNm (Greisen et al., 
2005). En un estudio reciente (Marco et al., 2013) observamos que, en edad 
adolescente, la SM per se producía una disminución de los niveles hipocampales de 
BDNF. Sin embargo, en este caso, la medida se realizó en la etapa adulta y los animales 
recibieron inyecciones crónicas, lo cual podría haber contribuido a contrarrestar los 
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efectos de la SM. También es plausible que el incremento de BDNF en la edad adulta se 
deba a efectos compensatorios. 
En su conjunto, los resultados sugieren que los astrocitos hipocampales de los 
machos fueron más vulnerables que los de las hembras a los efectos de la SM y del 
tratamiento adolescente cannabinoide, lo que sugiere la existencia de mecanismos 
protectores en las hembras. Estudios previos en ratas adultas han identificado 
dimorfismos sexuales en los efectos del estrés sobre el hipocampo y la amígdala, siendo 
los machos más vulnerables que las hembras. Estas diferencias podrían depender de los 
efectos protectores de las hormonas gonadales circulantes de las hembras y/o de los 
efectos organizacionales de los esteriodes gonadales durante el desarrollo (McEwen, 
2007; Cooke et al., 1998). Cabe destacar que se han observado dimorfismos sexuales en 
el modelo de esquizofrenia de lesión neonatal del hipocampo ventral, exhibiendo las 
ratas macho adultas unos déficits más prominentes de la conducta social, del auto-aseo o 
grooming y del aprendizaje en el laberinto de Morris que las hembras (Silva-Gómez et 
al., 2003). Por tanto, los mecanismos neuroprotectores durante el desarrollo de las 
hembras podrían tener un correlato funcional a un nivel conductual a largo plazo. No 
podemos excluir que las diferencias sexuales observadas en el presente estudio sean 
indicativas de una diferente “temporalización” de los efectos a nivel celular de la SM y 
del CP en machos y hembras. Es más, nuestros resultados demuestran que existen 
diferencias en la vulnerabilidad de las diversas subregiones del hipocampo a ambos 
tipos de manipulaciones. Los resultados obtenidos en animales que recibieron ambos 
tratamientos, es decir, animales SM y tratados crónicamente con un agonista 
cannabinoide durante la adolescencia, demuestran la existencia de interacciones 
funcionales entre los dos tipos de manipulación. Por ejemplo, en el área CA3 y en la 
capa polimórfica del GD, el tratamiento con CP tendió a contrarrestar los efectos de la 
SM. Es interesante recalcar que ambos tratamientos, cuando se administraron por 
separado, causaron cambios en la misma dirección mientras que la combinación de 
ambas manipulaciones parece que produjo una “normalización”. 
Otro hallazgo relevante del presente estudio es la aparición de diferencias 
sexuales en la inmunorreactividad al receptor CB1 entre los animales control (tratados 
con vehículo y no SM), exhibiendo las hembras una menor inmunorreactividad al 
receptor CB1 en diversas áreas de la formación hipocampal. Estudios previos usando 
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Western blot también mostraron una diferencia sexual en los niveles hipocampales del 
receptor CB1 observando unos mayores niveles de CB1 en los machos que en las 
hembras (Reich et al., 2009). La SM produjo una disminución de la expresión de CB1 
en los machos y en las hembras adultas. Anteriormente informamos de que este mismo 
protocolo de SM (24 horas de SM a DP 9) causaba a corto plazo (DP 13) una reducción 
de los receptores CB1 del hipocampo de machos, pero no de hembras. Los presentes 
datos demuestran que el efecto de la SM en los machos es persistente. Es más, mientras 
que las hembras no se vieron afectadas por la SM durante la infancia (DP 13) (Llorente 
et al., 2009; Viveros et al., 2009), los animales hembra SM adultos muestran una 
disminución de la expresión hipocampal de CB1. Este hecho podría atribuirse al 
diferente perfil de desarrollo de los receptores CB1 hipocampales en ratas macho y 
hembra, lo que sugiere que una precisa interpretación de las diferencias sexuales, al 
menos para algunos parámetros, requiere una perspectiva amplia y dinámica más que 
una simple observación a una determinada edad. A su vez, la exposición adolescente a 
un cannabinoide causó, en los animales macho adultos no SM, una disminución general 
de la inmunorreactividad a CB1, más marcada en CA1 y en la capa polimórfica del GD. 
Esta disminución a largo plazo de la inmunorreactividad al receptor CB1 en los machos 
tratados con CP podría representar un mecanismo de adaptación, que no se encontraría 
presente en las hembras. Estos datos parecen concordar con los resultados conductuales 
observados en los mismos animales utilizados para este estudio indicados más arriba. 
Recordemos que las hembras se vieron más afectadas durante la etapa adulta por el 
tratamiento adolescente con el cannabinoide (reducción de la PPI de la respuesta al 
sobresalto y un aumento de las conductas de búsqueda de la novedad/exploración en el 
TCA). Los machos SM y tratados durante la adolescencia con CP mostraron una 
“normalización” de la expresión hipocampal de CB1. En línea con los resultados 
obtenidos con el GFAP, estos datos apuntan a la existencia de interacciones funcionales 
entre la SM neonatal y la exposición adolescente a un cannabinoide. En contraste con 
los efectos observados en los machos, las hembras no SM tratadas con CP tendieron a 
mostrar un incremento de la inmunorreactividad hipocampal por el CB1. En relación 
con este último resultado, recientemente se ha visto que un tratamiento crónico con 
THC durante la adolescencia interactuó con hormonas ováricas para producir trastornos 
conductuales persistentes en ratas hembra en una tarea operante con componentes de 
aprendizaje y de ejecución, y causó alteraciones persistentes en los niveles del receptor 
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CB1 medidos por Western blot. Un ejemplo de estos efectos interactivos tuvo lugar en 
el hipocampo donde la densidad del receptor CB1 aumentó significativamente debido a 
la administración de THC durante la adolescencia (resultado que coincide con nuestros 
datos) pero no se producía tal efecto si la administración de THC era precedida por una 
ovarectomía (Winsauer et al., 2011), lo que indica que el efecto del THC sobre los 
receptores CB1 hipocampales requirió la presencia de hormonas ováricas. 
En el presente estudio se han revelado un gran número de diferencias sexuales 
que merecen un comentario final. En la hipótesis organizacional-activacional de la 
diferenciación sexual, la exposición a hormonas esteroides durante periodos tempranos 
del desarrollo masculiniza o defeminiza los circuitos neurales (cambios estructurales), 
programando las respuestas conductuales a las hormonas durante la etapa adulta. Al 
llegar la pubertad y la maduración gonadal, las hormonas testiculares y ováricas actúan 
sobre los circuitos previamente diferenciados sexualmente para facilitar la expresión de 
conductas típicas de cada sexo (efectos activacionales) (Handa et al., 2008; Schwarz y 
McCarthy, 2008). Más recientemente, se ha propuesto que la remodelación del cerebro 
adolescente se organiza una segunda vez mediante la actividad de hormonas esteroides 
durante la pubertad. Esta segunda oleada de organización cerebral podría reconstruir y 
refinar circuitos que hubieran sido diferenciados sexualmente durante el desarrollo 
neural temprano. Si, de hecho, la organización del comportamiento, dependiente de la 
actividad de los esteroides ocurre también durante la adolescencia, esto supondría una 
segunda ventana temporal crítica durante el desarrollo, la adolescencia, en la que efectos 
reestructurantes podrían conducir a una reorganización del cerebro y resultaría de gran 
interés redefinir de manera más exacta la existencia y duración de este período crítico 
(Schulz et al., 2009). En lo que respecta al presente estudio, la administración 
adolescente de cannabis podría haber interferido con la segunda oleada de 
reorganización. 
 
1.2. Modulación por parte de la separación materna temprana de la preferencia de 
lugar condicionada inducida por MDMA 
Este estudio proporciona la primera evidencia de que un solo episodio de SM de 
24 horas a DP 9 produce alteraciones sexo-dependientes a largo plazo en los efectos 
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conductuales y neuroquímicos de la exposición adolescente a 3,4-
metilendioximetanfetamina (MDMA). Los efectos reforzantes de la MDMA se vieron 
debilitados, los niveles de serotonina en el estriado y la corteza fueron menores, hubo 
un mayor marcaje de la expresión del receptor CB1 en el hipocampo, y los niveles 
circulantes de leptina tuvieron una tendencia a ser mayores en las ratas macho SM que 
en las ratas macho no-SM. No se observaron diferencias entre las hembras SM y no-SM 
con respecto a estos parámetros. No hubo efectos significativos de la SM sobre los 
niveles de corticosterona o el comportamiento emocional. Se encontraron diferencias 
sexuales en el paradigma de la preferencia de lugar condicionada (CPP, del inglés 
conditioned place preference) durante la adolescencia independientemente de si había o 
no había habido manipulación neonatal (las ratas hembra no mostraron CPP inducida 
por MDMA). De acuerdo con estudios previos, las hembras mostraron menos conductas 
relacionadas con la ansiedad en el campo abierto y menores niveles de leptina (Llorente 
et al., 2011; Viveros et al., 2010b) y mayores de corticosterona (Llorente et al., 2007) 
que los machos durante la edad adulta. 
Existen evidencias de que en los roedores adultos la SM reduce la sensibilidad a 
los efectos reforzantes de estimulantes, y de que, generalmente, estos efectos son 
mayores en machos (Moffet et al., 2006; Campbell y Spear, 1999; Matthews et al., 
1999). Nuestros resultados apoyan esta idea, dado que los efectos gratificantes de la 
MDMA fueron menos pronunciados entre las ratas macho adolescentes SM. A pesar de 
que la adolescencia es un periodo de elevada sensibilidad a drogas de abuso (Schramm-
Sapyta et al., 2009), en el momento de redactar esta Memoria sólo encontramos dos 
estudios sobre efectos a largo plazo de distintos procedimientos de SM sobre la 
vulnerabilidad a estas sustancias en roedores adolescentes. Ratas adolescentes macho 
separadas durante 3 horas entre los DP 2-14 no sufrieron cambios en la susceptibilidad 
al CPP producido por metanfetamina (Faure et al., 2009), mientras que ratones macho 
adolescentes que habían experimentado un solo episodio de SM (24 horas entre los DP 
12-13) mostraron una motivación alterada a la autoadministración de cocaína (Martini y 
Valverde, 2012). En particular, el tiempo requerido para lograr la adquisición de la 
autoadministración fue significativamente más largo y los valores del punto de corte en 
un calendario progresivo fueron significativamente menores entre los ratones 
adolescentes SM. Es más, los animales SM también mostraron comportamientos de tipo 
depresivo y conductas relacionadas con la ansiedad y menores niveles de BDNF en la 
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amígdala y el hipocampo, estructuras cerebrales asociadas con procesos emocionales y 
cognitivos. Los autores de este estudio argumentaron que la SM podría dar lugar al 
desarrollo de anhedonia, lo que a su vez podría estar relacionado con la alteración 
descrita en la motivación por el consumo de cocaína (Martini y Valverde, 2012). 
Nuestros resultados se suman a esta línea de evidencia, demostrando por primera vez 
que la SM causa una alteración en los efectos gratificantes de la MDMA en ratas macho 
adolescentes. De manera interesante, hemos reportado con anterioridad que las ratas 
adolescentes sometidas a nuestro protocolo de SM exhiben menores niveles de BDNF 
hipocampal (Marco et al., 2013) y conductas de tipo depresivo en la prueba de la 
natación forzada (Llorente et al., 2007).  
Cabe destacar que, en la etapa adulta, los machos SM, en los que los efectos 
gratificantes de la MDMA fueron menos marcados, mostraron unos niveles menores de 
serotonina que los machos no-SM en el estriado y la corteza. Como en el CPP, estos 
efectos fueron sexo-dependientes, puesto que no se observaron cambios en las hembras. 
Estos resultados concuerdan con aquéllos de estudios previos de nuestro laboratorio que 
revelaron diversas diferencias sexuales en los efectos de la SM, siendo los machos más 
vulnerables al evento neonatal adverso (Llorente-Berzal et al., 2012; Llorente et al., 
2011; Viveros et al., 2009), así como con el primer capítulo de la discusión de la 
presente Tesis Doctoral. El sistema serotoninérgico parece estar relacionado con los 
efectos gratificantes o de refuerzo positivo de la MDMA, dado que los antagonistas de 
serotonina bloquean la CPP causada por MDMA. Además, la MDMA actúa 
principalmente liberando serotonina de terminales sinápticos serotoninérgicos (Schmidt 
et al., 1987), lo que eventualmente causa una pérdida persistente de neuronas 
serotoninérgicas funcionales y una reducción de los niveles de serotonina y de ácido 5-
hidroxindolacético (5-HIAA) (Sarkar y Schmued, 2010; Battaglia et al., 1987). Estudios 
previos han demostrado que diferentes protocolos de SM pueden causar alteraciones en 
el sistema serotoninérgico cerebral, tales como una disminución de los niveles de 
serotonina en el estriado ventral (Kosten et al., 2004), niveles elevados de receptores 
hipocampales 5-HT1A y 5HT1B y receptores corticales 5-HT2 y una disminución de 
los niveles de receptores 5-HT1A en el núcleo del rafe (Vázquez et al., 2002), y niveles 
elevados de serotonina en la amígdala (Vicentic et al., 2006). Es posible que la 
reducción de los niveles de serotonina en la corteza y el estriado observada en los 
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machos SM del presente estudio esté funcionalmente relacionada con la respuesta 
alterada del CPP inducido por MDMA en estos animales. 
Decidimos evaluar la expresión del receptor CB1 en el hipocampo porque se ha 
demostrado que un tratamiento crónico con MDMA aumenta su expresión en esta 
región cerebral (Nawata et al., 2010) y también porque los receptores CB1 
hipocampales juegan un papel en la adquisición de la CPP (Zarrindast et al., 2007). Es 
más, en el estudio anterior demostramos que la SM produce una disminución de la 
expresión del receptor CB1 en el hipocampo. Aquí, hemos observado que la expresión 
de los receptores cannabinoides CB1 en el hipocampo es mayor en los machos SM 
cuando se comparan con la de los machos no-SM. Puesto que en este estudio todos los 
animales fueron tratados con MDMA, los mayores niveles de receptores CB1 
hipocampales pueden ser una consecuencia de las interacciones funcionales entre la SM 
y la MDMA en este sexo. Una posibilidad es que la sobreexpresión de receptores CB1 
debilite los efectos gratificantes de la MDMA; resultados previos han mostrado que la 
estimulación de los receptores CB1 con altas dosis del agonista de CB1 WIN55,212-2 
redujo la CPP inducida por MDMA en ratones (Manzanedo et al., 2010). Es más, los 
ratones tratados con MDMA y WIN55,212-2 presentaron menores niveles de serotonina 
cortical, un efecto que podría también relacionarse con la falta de efectos gratificantes 
de la MDMA. A este respecto, recordemos que en el presente estudio hemos observado 
una disminución de la serotonina cortical en las ratas macho SM (que, como el resto de 
los animales fueron expuestas a MDMA). No podemos excluir que el incremento de los 
receptores CB1 hipocampales haya afectado al aprendizaje y a la memoria de los 
animales. Es posible que las ratas SM condicionadas con MDMA hayan mostrado 
déficits en el aprendizaje que hayan interferido con la adquisición de la CPP. Un estudio 
reciente demostró que el síndrome de abstinencia a MDMA produce una alteración en la 
memoria de reconocimiento en ratas, lo que podría ser el resultado de la activación de 
receptores CB1 en el hipocampo (Nawata et al., 2010). Existen interacciones 
funcionales entre los sistemas serotoninérgico y endocannabinoide. En particular, los 
endocannabinoides inhiben la transmisión sináptica excitatoria a las neuronas 
serotoninérgicas del núcleo del rafe a través de la activación de receptores CB1 
presinápticos [ver para revisión Haj-Dahmane y Shen (2011)]. Así, la disminución de 
los niveles de serotonina en ratas macho SM podría estar relacionada con el aumento de 
la expresión de receptores CB1 observada en estos animales. 
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También evaluamos los niveles de leptina, dado que se ha demostrado que los 
receptores de leptina se expresan en regiones extrahipotalámicas importantes para la 
modulación de los efectos gratificantes y de la adicción a drogas, como por ejemplo 
neuronas dopaminérgicas del área tegmental ventral que proyectan hacia el núcleo 
accumbens (Fulton et al., 2006). Hemos observado una fuerte tendencia hacia un 
aumento de los niveles circulantes de leptina en animales macho SM tratados con 
MDMA con respecto a los machos no-SM también tratados con la droga. Este efecto no 
puede atribuirse exclusivamente a nuestro protocolo de SM, dado que, tanto en el 
primer capítulo de la discusión como en otros trabajos de nuestros grupo, hemos 
demostrado que la SM, per se, produce una disminución de los niveles circulantes de 
leptina a largo plazo (Viveros et al., 2009, 2010a, 2010b). Kobeissy et al. (2008) 
informaron que una administración aguda de MDMA producía una disminución de los 
niveles circulantes de leptina a corto plazo. Sin embargo, las consecuencias a largo 
plazo de un tratamiento con MDMA sobre esta hormona no han sido estudiadas. 
Nuestros resultados sugieren que la combinación de la SM con la exposición 
adolescente a MDMA podría dar lugar a interacciones entre ambos tratamientos que, en 
último término, dieran lugar al pequeño aumento de los niveles de leptina en machos 
SM. Es más, dado que la leptina parece reducir la motivación para conseguir la 
recompensa (Davis et al., 2011), podemos especular que su aumento en los machos SM 
que fueron tratados con MDMA está relacionado con la ausencia de CPP de estos 
animales. 
Bajo las presentes condiciones también se observaron diferencias sexuales entre 
las ratas no-SM relacionadas con las propiedades gratificantes de la MDMA, el 
comportamiento en el campo abierto y los niveles hormonales. Primero, la dosis de 
MDMA empleada produjo CPP en machos pero no en hembras. Un gran número de 
estudios demuestran que la MDMA produce CPP en ratones (Daza-Losada et al., 2007; 
2011; Manzanedo et al., 2010) y ratas (Catlow et al., 2010; Braida et al., 2005; Cole y 
Sumnall, 2003; Bilsky y Reid, 1991; Schechter, 1991) macho. Sin embargo, al menos 
en el tiempo de publicación de esta Tesis Doctoral, no encontramos ningún estudio que 
hubiera testado los efectos de refuerzo de la MDMA en ratas hembra en el paradigma de 
la CPP. Datos anteriores obtenidos con otros psicoestimulantes como la cocaína o la 
anfetamina sugieren que las hembras son más sensibles a estas drogas que los machos 
(Segarra et al., 2010; Silverman y Koenig, 2007). De manera opuesta, en el presente 
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estudio hemos observado que la MDMA no indujo CPP en ratas adolescentes hembra a 
la dosis a la que fue efectiva en sus homólogos macho. Ciertamente, empleamos una 
dosis baja de MDMA. Probablemente, con una dosis mayor, las ratas hembra habrían 
desarrollado CPP, pero hubiera sido más difícil detectar el efecto de la SM. En línea con 
nuestros resultados, se ha visto que los machos adolescentes son más sensibles que las 
hembras a los efectos locomotores e hiperpiréticos de la MDMA, lo cual contrasta con 
estudios previos sobre dimorfismos sexuales en los efectos de otros psicoestimulantes 
(Koenig et al., 2005). De acuerdo con una explicación dada por Koenig et al. (2005), la 
mayor sensibilidad de los machos adolescentes podría ser debida a una sobreproducción 
transitoria de receptores dopaminérgicos D1 y D2. Andersen et al. (1997) observó que 
entre los DP 25 y 40, la producción en el estriado de receptores D1 y D2 estaba 
aumentada en un 65% y un 144%, respectivamente, en machos (versus un 35% y un 
31% en hembras). Las diferencias sexuales en la farmacocinética de la MDMA (Fonsart 
et al., 2009) podrían también contribuir al hecho de que nuestras hembras no mostraran 
una CPP inducida por MDMA. También se han encontrados diferencias sexuales en la 
respuesta a MDMA en humanos, exhibiendo las mujeres consumidoras un mayor 
número de efectos negativos que los hombres (Verheyden et al., 2002; Liechti et al., 
2001). Nuestros resultados sugieren que los machos experimentan más efectos positivos 
tras el consumo de MDMA que sus homólogas hembras, lo cual podría explicar el 
mayor índice de consumo entre jóvenes y adolescentes del género masculino. En 
segundo lugar, en el campo abierto, los machos pasaron más tiempo en la periferia del 
aparato y realizaron un menor número de rearings (actividad vertical, exploración) que 
las hembras. Las ratas muestran tigmotaxis – tienden a ambular cerca de las paredes del 
aparato dado que tienen aversión a los espacios abiertos – y se piensa que un aumento 
de la tigmotaxis es indicativo de una elevada emocionalidad (Gray, 1987; Valle y Bols, 
1976). Los presentes resultados están en concordancia con casi toda la literatura 
relacionada con diferencias sexuales en el campo abierto, lo cual indica que las ratas 
hembra son más activas y muestran menores niveles de “emocionalidad” que los 
machos (Krokras et al., 2012; Gray, 1987). Es improbable que los efectos observados 
sean debidos a los efectos residuales de la MDMA, dado que la droga fue administrada 
por última vez 20 días antes de realizarse el campo abierto. Es más, en contraste con el 
aumento de tigmotaxis observado en machos en nuestro estudio, una administración 
aguda de MDMA aumentó la tigmotaxis en hembras (Pálenícek et al., 2005). En tercer 
DISCUSIÓN 
 
 
345 
 
lugar, las hembras mostraron mayores niveles de corticosterona y menores niveles de 
leptina que los machos, una diferencia sexual  que previamente hemos descrito en 
capítulos anteriores de la presente Tesis Doctoral. Las diferencias sexuales en los 
niveles de leptina probablemente reflejen las acciones e interacciones de los esteroides 
sexuales (estrógeno y testosterona), pero todavía no está claro cómo están mediados 
tales efectos (Viveros et al., 2010b; Smith y Waddell, 2003). Un factor que parece claro 
es que, en ratas, son los machos los que tienen más tejido adiposo, al contrario que en 
humanos (en los que las mujeres muestran niveles más elevados de leptina). Teniendo 
en cuenta que como hemos reiterado todos los animales de este estudio fueron 
expuestos a MDMA, los resultados indican que la droga no fue capaz de revertir los 
dimorfismos sexuales en los niveles de hormonas así como tampoco lo hizo el protocolo 
de SM. Es posible que los menores niveles de leptina en las hembras contribuyeran a la 
falta de respuesta que presentaron en el paradigma del CPP tras la administración de 
MDMA, dado que se ha visto que ratones sin receptores de leptina tienen una menor 
respuesta locomotora a la anfetamina y no desarrollan sensibilización locomotora tras la 
administración repetida de esta droga (Fulton et al., 2006).  
 
1.3. Cambios en la expresión y funcionalidad de los receptores CB1 en el cerebro y 
la expresión del receptor CB2 en tejido inmune como consecuencia de la 
separación materna y una exposición adolescente a cocaína 
Uno de los aspectos más novedosos de este estudio es que analizamos en 
numerosas áreas cerebrales no sólo densidad sino también actividad de los receptores 
CB1 y los resultados obtenidos señalan las diferencias observables en ambos aspectos y 
cómo su estudio complementario puede aclarar mucho más las consecuencias de un 
determinado tratamiento así como las diferencias sexuales basales en los animales 
controles. Como se deduce de nuestros datos, densidad y actividad son diferencialmente 
afectados y el estudio únicamente de la expresión de la proteína puede ocultar datos 
importantes. Otro aspecto importante es el análisis de receptores CB2 en tejido 
inmunitario. En general, los resultados demuestran que la SM produce efectos a largo 
plazo en los receptores cannabinoides tanto a nivel central como periférico. La 
administración de cocaína modificó los receptores cannabinoides de manera sexo- y 
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región-dependiente, y ciertos efectos de la cocaína se vieron modulados por los eventos 
neonatales.  
Antes de pasar a discutir los efectos de los tratamientos empleados, nos 
referiremos a los dimorfismos sexuales observados en la densidad y funcionalidad de 
los receptores CB1 cerebrales. Como ya ha sido descrito por otros autores [ver para 
revisión Craft et al. (2012) y Fattore y Fratta, (2010)], encontramos diferencias en el 
SEC cerebral entre los animales control macho y hembra. Recordemos que en el estudio 
que constituye el primer capítulo de esa Tesis ya describimos (como hemos discutido 
más arriba) diferencias sexuales en cuanto a la densidad de receptores CB1 en la 
formación hipocampal mediante técnicas de inmunohistoquimica. En el presente estudio 
también encontramos una menor densidad de receptores CB1 en el hipocampo de las 
hembras pero, además, hemos podido observar una mayor tasa de funcionalidad cuando 
los comparamos con los machos; como ya informamos en otro trabajo de nuestro grupo 
(Mateos et al., 2010). Además en este caso, al analizar diversas regiones cerebrales más, 
hemos podido mostrar también estos dimorfismos sexuales en córtex prefrontal, 
caudado putamen y globo pálido. La expresión de los receptores CB1 fue también 
menor en la sustancia negra de las hembras comparadas con los machos, y se 
encontraron unos mayores niveles de funcionalidad del receptor CB1 en el núcleo 
accumbens, la amígdala, el tálamo y el hipotálamo de los animales hembra comparadas 
con los machos. Tanto la expresión como la funcionalidad de los receptores CB1 son 
menores en el área tegmental ventral de las hembras comparadas con los animales 
macho, lo cual podría interpretarse como el sustrato neural de las diferencias sexuales 
que existen en los efectos de recompensa de los cannabinoides (Craft et al., 2012). En 
general, las diferencias sexuales en la expresión y funcionalidad de los receptores CB1 
en el cerebro sugieren una maduración diferencial del SEC en machos y en hembras que 
puede ser la responsable de las diferencias fisiológicas entre ambos sexos así como de 
las ya previamente reportadas diferencias sexuales en la respuesta a cannabinoides 
exógenos (Craft et al., 2012; Fattore y Fratta, 2010). 
Por lo que se refiere a los efectos de los tratamientos, comenzaremos por 
referirnos a los de la SM. En estudios previos, hemos descrito que la SM produce 
cambios a corto plazo sobre el SEC (Suárez et al., 2009, 2010; Llorente et al., 2008) y 
los presentes resultados demuestran la existencia de efectos a largo plazo observables en 
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la etapa adulta. En concreto, la SM causó un aumento de la expresión de receptores CB1 
en la sustancia negra tanto de animales macho como de animales hembra. Entre los 
machos, la SM produjo también una disminución significativa de la funcionalidad del 
receptor CB1 en el núcleo accumbens, el córtex prefrontal y el hipotálamo, así como 
una reducción de la expresión del receptor CB1 en el tálamo. La actividad del receptor 
CB1 sólo se vio incrementada en el cerebelo de los machos adultos. Por otro lado, en las 
hembras, la SM produjo un aumento de la expresión del receptor CB1 en el cerebelo y 
un aumento de su funcionalidad en la sustancia gris periacueductal. Los cambios 
descritos en la expresión y funcionalidad de los receptores CB1 cerebrales podrían estar 
relacionados, al menos en parte, con los cambios conductuales provocados por la SM. 
El incremento generalizado de la expresión del receptor CB1 en la sustancia negra 
podría relacionarse con los efectos motores de la SM (Marco et al., 2009; Viveros et al., 
2009; Ellenbroek et al., 2005). La disminución de la funcionalidad del receptor CB1 en 
el córtex prefrontal podría mediar los déficits cognitivos observados en los animales SM 
(Marco et al., 2013; Llorente-Berzal et al., 2012; Llorente et al., 2011), mientras que la 
reducción en la funcionalidad de los receptores CB1 en el núcleo accumbens podría 
relacionarse con los síntomas depresivos (Macri y Laviola, 2004) y con la falta de 
motivación por la búsqueda de cocaína recientemente descrita en ratones macho SM 
(Martini y Valverde, 2012). Por su parte, los cambios hipotalámicos en la funcionalidad 
del receptor CB1 podrían reflejar alteraciones en la homeostasis energética y el eje 
HHA (Viveros et al., 2009, 2010b; Marco et al., 2009; Llorente et al., 2008; Ellenbroek 
et al., 2005). Entre las hembras, el aumento de la funcionalidad del receptor CB1 en la 
sustancia gris periacueductal podría reflejar las diferencias sexuales provocadas por la 
SM sobre la nocicepción; donde la alodinia mecánica y el dolor neuropático resultante 
de la SM fueron más marcados en hembras comparadas con machos (Burke et al., 
2013).  
En cuanto a los efectos del tratamiento con cocaína durante la adolescencia, en 
machos encontramos una disminución de la expresión de receptores CB1 en el córtex 
prefrontal. Otros autores han descrito una disminución de los niveles de ARNm para el 
receptor CB1 en ratas macho adultas tratadas crónicamente con cocaína, en ausencia de 
cambios en la densidad del receptor (Gonzalez et al., 2002b). Discrepancias entre 
ambos estudios podrían deberse a diferencias en la edad de administración de cocaína, 
en la dosis y el horario de administración de la droga, y lo que es más importante, en las 
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diferencias en la duración del periodo de abstinencia dado que se han visto diferencias 
entre los efectos a largo plazo de la cocaína y los efectos observados inmediatamente 
después del tratamiento, llegando éstos incluso a ser opuestos (Pickens et al., 2011). El 
tratamiento con la droga produjo un aumento de la funcionalidad del receptor CB1 en el 
área tegmental ventral, el hipocampo, el caudado putamen y el globo pálido de animales 
macho, y un incremento similar en el globo pálido y el tálamo de hembras. Estos 
cambios podrían asociarse con las respuestas locomotoras producidas por la cocaína ya 
que se han visto relacionados los receptores CB1 del estriado con este fenómeno 
(Corbille et al., 2007). Por otro lado, se ha observado una disminución de la 
funcionalidad del receptor CB1 en la sustancia negra de los animales macho. Estudios 
previos han descrito que no hay cambios en los niveles de endocannabinoides cerebrales 
tras la autoadministración de cocaína (Caille et al., 2007; Gonzalez et al., 2002a). Sin 
embargo, dado que existen abundantes interacciones entre los endocannabinoides y la 
neurotransmisión dopaminérgica (Fernandez-Ruiz et al., 2010; Wiskerke et al., 2008), 
los presentes cambios en la densidad y funcionalidad de los receptores CB1 podrían 
deberse a cambios sobre los niveles de dopamina inducidos por la cocaína. De hecho, la 
mayoría de las áreas cerebrales afectadas por la administración durante la adolescencia 
de cocaína son parte de las vías dopaminérgicas mesocorticolímbica y nigroestriatal. Es 
más, se ha visto que en hembras, el tálamo, un importante nódulo de integración con 
abundantes conexiones con áreas cerebrales dopaminérgicas (Smith et al., 2009), se ve 
afectado por la administración durante la adolescencia de cocaína. 
La combinación de ambos tratamiento, i.e. SM y administración de cocaína 
durante el período adolescente, produjo una disminución de la funcionalidad del 
receptor CB1 en la amígdala tanto de animales macho como de animales hembra. Entre 
las hembras, la combinación de ambos tratamientos incrementó la funcionalidad de los 
receptores CB1 en la sustancia negra y el cerebelo, y este mismo patrón se observó en el 
tálamo de los machos. Podemos destacar que en el tálamo y la sustancia gris 
periacueductal de las hembras, la aplicación de ambas manipulaciones normalizaron los 
niveles de actividad de los receptores CB1, al igual que en el caudado putamen de los 
animales macho, y levemente en el área tegmental ventral. Es a nuestro juicio 
interesante señalar aquí que también en el estudio de los efectos de la combinación de la 
SM con un tratamiento con el agonista cannabinoide, expuesto al principio de esta 
Discusión, los animales macho que recibieron los dos tratamientos mostraron una cierta 
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“normalización” de la expresión de CB1 en el hipocampo. Es más, también en el 
estudio sobre la influencia de la SM en los efectos de la MDMA los datos sugieren 
(aunque en ese caso de forma indirecta) interacciones funcionales entre ambos 
tratamientos. Por tanto, todos los datos indican que, efectivamente, al menos para 
ciertos parámetros de los que hemos estudiado y particularmente en los que se refiere al 
SEC, la SM interacciona con diferentes drogas de abuso tanto cannabinoides como no 
cannabinoides. En un sentido más amplio podemos interpretar que la exposición a un 
evento estresante durante edades tempranas de la vida puede potencialmente modular 
los efectos de la exposición a drogas de abuso durante la adolescencia. 
Respecto a los efectos de los tratamientos sobre la expresión del receptor CB2 a 
nivel periférico, la SM produjo un incremento persistente de expresión de receptores 
CB2 en el bazo sin modificar su expresión en la médula ósea. Dado que los receptores 
CB2 median efectos inmunodepresores [ver para revisión Pacher et al. (2011)], el 
incremento observado en el bazo podría contribuir a la alteración de la función inmune 
previamente descrita en los animales SM (De la Fuente et al., 2009; Llorente et al., 
2007). Sin embargo, son necesarios más experimentos para explicar cómo la 
administración adolescente de cocaína puede prevenir este efecto de la SM. Por otro 
lado, en el presente estudio, la cocaína causó una reducción generalizada de la expresión 
de receptor CB2 en médula ósea. Este resultado contrasta con estudios previos en los 
que se ha encontrado un incremento de la expresión de receptor CB2 en distintas células 
del sistema inmune tras la autoadministración de cocaína (Assis et al., 2011); estas 
discrepancias pueden deberse a las diferencias en el protocolo de administración 
(inyección intraperitoneal frente a autoadministración), y/o a los diferentes efectos de la 
cocaína sobre distintos tejidos. Además, no se pueden excluir fluctuaciones en los 
niveles de expresión de receptor CB2 en los tejidos inmunes tras la administración de 
cocaína y un periodo de abstinencia, que podrían mediar, al menos en parte, en la 
funcionalidad alterada encontrada tras la administración de cocaína (Fox et al., 2012; 
Cabral, 2006). 
Por último, cabe destacar que mientras otros estudios han mostrado que la 
administración de cocaína redujo la ganancia de peso corporal en los adultos (Laviola et 
al., 1995) y adolescentes administrados con mayores dosis de la droga (10 mg/kg, dos 
veces al día) (Planeta et al., 2002), nosotros no observamos efectos de la administración 
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de cocaína durante la adolescencia sobre la ganancia de peso corporal. 
Sorprendentemente, encontramos que tras el cese del tratamiento con cocaína se produjo 
una disminución de la ganancia de peso corporal entre las hembras no separadas de la 
madre mientras que se observó lo contrario entre las hembras SM (un sutil aumento de 
la ganancia de peso corporal), lo cual pone de manifiesto que la SM produce 
alteraciones de la homeostasis energética (Viveros et al., 2009, 2010b).  
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2. EFECTOS A LARGO PLAZO DE LA EXPOSICIÓN EN EDAD 
ADOLESCENTE A THC Y/O MDMA 
 
El cannabis y el éxtasis se encuentran entre las sustancias ilícitas con mayor 
índice de consumo entre los adolescentes, sin embargo, son poco conocidos los efectos 
psiconeuroendocrinos que su consumo combinado puede producir a largo plazo. En un 
artículo reciente se han descrito varios efectos conductuales de estas drogas en ratas 
macho (Shen et al., 2011). Pero el trabajo que se presenta en esta Tesis Doctoral es el 
primer estudio que analiza directamente dimorfismos sexuales y que incluye una 
imagen multidisciplinar, investigando efectos moleculares (determinaciones por 
Western blot), análisis conductuales, que incluyen diversos aspectos del 
comportamiento tales como la actividad, la ansiedad, la memoria y la capacidad de 
atención, y efectos metabólicos y endocrinos. Además, como importante complemento 
de este análisis, hicimos un estudio inmunohistoquímico en el cerebro de los animales, 
al que nos referiremos al final de este apartado de la Discusión. En vista de los 
numerosos parámetros que evaluamos en este estudio, los iremos discutiendo bajo 
diferentes subapartados. 
2.1. Peso corporal y temperatura 
La administración de THC durante la adolescencia produjo una disminución del 
crecimiento en las ratas de ambos sexos, apareciendo este efecto antes en las hembras 
que en los machos. Recordemos que, en línea con anteriores trabajos de nuestro grupo 
(Mateos et al., 2011; Biscaia et al., 2003) también encontramos en el primer trabajo de 
esta Tesis Doctoral un efecto similar del agonista CP sobre el peso. Este efecto de los 
agonistas cannabinoides ha sido también descrito por otros autores (Rubino et al., 2008; 
Lopez-Moreno et al., 2004). Por lo tanto, nos remitimos a la discusión que de este 
efecto de la droga hemos hecho en la primera parte de la Discusión.   
Los animales de ambos sexos a los que se les administró con MDMA exhibieron 
una menor tasa de ganancia de peso corporal durante el tratamiento. En un estudio 
reciente, ratas adolescentes de ambos sexos fueron tratadas una vez al día con 10 mg/kg 
de MDMA por un total de 10 días consecutivos y, similarmente a nuestros resultados, 
los autores encontraron una menor tasa de crecimiento en las ratas expuestas a la droga 
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(Kolyaduke y Hughes, 2013). Se ha visto que un tratamiento durante la adolescencia 
con MDMA produce un alteración del crecimiento tanto en ratas (Piper et al., 2005; 
Piper y Meyer, 2004) como en ratones (Achat-Mendes et al., 2003). Este efecto de la 
MDMA se cree que puede ser debido a la disminución de la ingesta de alimentos debida 
al efecto anoréxico que provoca esta droga y a la pérdida de agua por evaporación 
producida por el incremento de la tasa de respiración (Meyer et al., 2008). Nuestros 
datos también indican que los animales que fueron expuestos tanto a THC como a 
MDMA fueron los más afectados, mostrando la menor tasa de ganancia de peso 
corporal a lo largo del periodo de administración. En el estudio de Shen et al. (2011) 
citado al principio de esta parte de la discusión (el único otro estudio en el que hasta 
ahora se han analizado los efectos de un tratamiento combinado de THC y MDMA 
durante la adolescencia), los autores encontraron que la administración de MDMA, la 
administración de THC y la administración de ambas drogas producían una reducción 
del peso cuando se comparaban con el grupo control.  En nuestro caso, la combinación 
de ambas drogas parece producir efectos aditivos. Hemos de tener en cuenta que Shen et 
al. (2011) utilizaron un protocolo experimental que, en varios aspectos difiere del 
nuestro. Usaron ratas Sprague Dawley macho, la MDMA (2 x 10 mg/kg x 4 h) se 
administró cada quinto día desde el DP 35 hasta el 60, mientras que el THC (5 mg/kg) 
se suministró una vez al día. Además, nuestros datos también muestran la existencia de 
diferencias sexuales. Así, tras el final de los tratamientos, todavía se observaron efectos 
significativos a largo plazo de ambas drogas, siendo este efecto más duradero en los 
machos.  
Como era de esperar, el primer día de tratamiento con MDMA, este fármaco 
provocó una hipertermia en los animales adolescentes de ambos sexos. Estudios previos 
han demostrado que la administración de MDMA provoca una respuesta hipertérmica 
aguda tanto en ratas adultas (Gurtman et al., 2002; Morley et al., 2001; Malberg y 
Seiden, 1998) como en adolescentes (Shen et al., 2011; Piper y Meyer, 2006). No se 
encontró ningún efecto del tratamiento con THC per se sobre la temperatura corporal. 
La reducción de la temperatura corporal ha sido siempre considerada como uno de los 
efectos típicos del tratamiento con THC en roedores que forma parte de la denominada 
tétrada de signos inducida por esta sustancia. Sin embargo, un análisis detallado de 
estudios recientes sugiere que los efectos de los agonistas cannabinoides sobre la 
temperatura corporal son muy variables y pueden depender, entre otros factores, de la 
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dosis empleada y de la temperatura ambiente (Taffe, 2012; Shen et al., 2011). A pesar 
de la falta de efecto del THC, los presentes resultados también muestran que, el primer 
día de inyección de MDMA, el THC pareció contrarrestar la hipertermia producida por 
la MDMA en las hembras. Morley et al. (2004) también observaron que la 
administración tanto de THC como del agonista del receptor cannabinoide CP previno 
la hipertermia inducida por MDMA. Es más, Shen et al. (2011) que sí describieron un 
efecto hipertérmico del THC, también encontraron una reducción del efecto 
hipertérmico de la MDMA como resultado de la exposición anterior al cannabinoide. 
Nuestros resultados también indican que mientras que el efecto hipertérmico de la 
MDMA no se vio atenuado con el paso de los días, i.e. los animales no mostraron una 
tolerancia a este efecto, el THC tendió a contrarrestar el efecto hipertérmico de la 
MDMA tan solo después del primer día de inyección. Así pues, los efectos 
“protectores” del THC sobre la hipertermia inducida por MDMA observada en ciertos 
estudios con tratamientos agudos en ratas (Morley et al., 2004) y ratones (Tourino et al., 
2010), podrían no ser una correcta representación de las consecuencias de los actuales 
hábitos de consumo en los seres humanos ya que los tratamientos crónicos constituyen 
un modelo más preciso que los agudos. Es más, podrían existir diferencias 
interespecíficas dado que se ha visto en otros trabajos que en humanos la inhalación de 
THC no produce ninguna disminución del aumento de temperatura producido por 
MDMA, e incluso puede llegar a potenciarlo (Dumont et al., 2009).  
2.2. Efectos sobre la conducta 
Ninguno de los fármacos empleados modificó la actividad general 
(deambulación total) en el TCA. Sin embargo, el THC produjo una disminución del 
porcentaje de distancia recorrida en el interior del aparato, mientras que el 
comportamiento exploratorio medido como la investigación de los agujeros se vio 
marcadamente afectado por el tratamiento con MDMA. De hecho, se vieron 
significativamente disminuidas tanto la frecuencia como el tiempo que los animales 
pasaron explorando los agujeros. Estos resultados concuerdan con los de Shen et al. 
(2011) quienes también encontraron que en el TCA el grupo administrado con MDMA 
mostró una disminución significativa de la exploración de los agujeros cuando se 
compararon con los animales control, además, también encontraron que el tratamiento 
con MDMA disminuía la exploración de agujeros nuevos, i.e. los animales tendían a 
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explorar siempre los mismos agujeros. Estos datos sugieren que ambas drogas producen 
un aumento de la emotividad o de la ansiedad a largo plazo. En aparente contradicción 
con estos resultados, la administración de MDMA aumentó el tiempo de exploración de 
los brazos abiertos en el LCE. El aumento de este parámetro ha sido clásicamente 
relacionado con un efecto de tipo ansiolítico (Pelow y File, 1986). Sin embargo, como 
ya hemos previamente explicado, también puede interpretarse como un aumento de la 
conducto de toma de riesgos (Davis et al., 2009; Löfgren et al., 2006). A nuestro 
parecer este fue el caso en los animales tratados con MDMA, cuyo comportamiento 
podría reflejar un aumento de la impulsividad. Este punto de vista está apoyado también 
por el hecho de que los animales tratados con MDMA mostraron igualmente un 
aumento significativo del número de caídas del LCE con respecto a los animales 
tratados con salino. Una observación similar encontramos en Shen et al. (2011) quienes 
encontraron en el test de emergencia realizado bajo una luz fluorescente (que 
maximizaría la ansiedad asociada a abandonar la zona segura del aparato) que la 
exposición adolescente a la MDMA provocó una reducción significativa de la latencia a 
la primera salida. De hecho, Meyer et al. (2008) han descrito que la exposición 
intermitente durante la adolescencia a MDMA provoca un aumento de la impulsividad 
en el LCE. Este punto de vista también se vería avalado por los resultados obtenidos en 
diversos estudios con consumidores de éxtasis (Karlsten et al., 2007; Montoya et al., 
2002; Morgan, 2000). Al igual que en el TCA, la administración de THC durante la 
adolescencia provocó a más largo plazo una disminución del tiempo que los animales 
pasaron explorando las zonas internas del aparato en el campo abierto, lo cual vuelve a 
revelar un aumento de la emotividad/ansiedad, y la MDMA, per se, produjo un efecto 
similar. En un reciente estudio en ratas se ha visto que el tratamiento con MDMA 
durante la adolescencia puede producir un incremento de la ansiedad en etapas adultas 
(Kolyaduke y Hughes, 2012) y estudios previos  revelan que el uso habitual de esta 
droga por adolescentes puede llegar a asociarse con un aumento de la ansiedad (Lieb et 
al., 2002). Los resultados obtenidos en estas pruebas conductuales también han revelado 
la existencia de un gran número de diferencias sexuales esperables. Así, en el LCE, las 
ratas hembra exploraron durante más tiempo los brazos abiertos del aparato que las ratas 
machos; en el campo abierto las hembras exhibieron unos mayores niveles de actividad 
locomotora (tanto horizontal como vertical) que los machos. Estos dimorfismos 
sexuales han sido ampliamente descritos en la literatura [ver por ejemplo Mateos et al. 
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(2011), Johnston y File (1991) y Gray (1971)] y también en otros experimentos de esta 
Tesis Doctoral.  
En el test de reconocimiento de objetos (NOT, del inglés Novel object test), que 
ofrece información sobre la memoria de reconocimiento, la administración de THC 
produjo una alteración del índice de discriminación en los animales hembra. Como 
expusimos en la Introducción de esta Memoria, el periodo peripuberal parece ser crítico 
para el desarrollo de los receptores cannabinoides CB1 y de los niveles de 
endocannabinoides (Viveros et al., 2011, 2012a; Wenger et al., 2002; Rodríguez de 
Fonseca et al., 1993). Por tanto, es lógico pensar que una interferencia crónica en el 
normal desarrollo del SEC mediante el uso de cannabinoides durante este intervalo 
crítico de tiempo pueda producir una alteración funcional severa y persistente. 
Efectivamente, este efecto ha sido observado tanto en animales de experimentación 
como en seres humanos (Meier et al., 2012; Fernández-Espejo et al., 2009; Schneider y 
Koch, 2007). Existen de hecho evidencias de que una administración crónica con 
diversos agonistas sintéticos cannabinoides durante el periodo periadolescente produce 
una alteración persistente de la memoria en ratas adultas (Mateos et al., 2011; O’Shea et 
al., 2006; Schneider y Koch, 2003).  Por ejemplo, Rubino et al. (2009) encontraron que 
las ratas macho, tratadas desde el DP 35 al 45 con una dosis creciente de THC dos veces 
al día (2.5 mg/kg DP 35-37; 5 mg/kg DP 38-41; 10 mg/kg DP 42-45), no mostraron 
ninguna alteración en la memoria aversiva (mediante la prueba de la evitación pasiva) 
pero sí una peor actuación que los animales tratados con vehículo en el laberinto radial, 
lo que sugiere un déficit en la memoria de trabajo espacial. En contraste, Cha et al. 
(2006, 2007) no encontraron, en ratas previamente expuestas a THC, efectos 
significativos a largo plazo producidos por este cannabinoide en el aprendizaje espacial 
ni tampoco en el no espacial. Estas diferencias en cuanto a los resultados son 
atribuibles, al menos en parte, a que las dosis de THC empleadas por Cha y 
colaboradores en sus estudios son menores. En el presente trabajo hemos observado que 
el efecto perjudicial del THC fue sólo significativo en los animales hembra, lo que 
sugiere una mayor vulnerabilidad de este sexo al THC, al menos en lo que se refiere a 
ciertos aspectos de tipo emocional y cognitivo. Apoyando este punto de vista, Rubino et 
al. (2008) demostraron que la administración crónica de THC a ratas adolescentes 
produjo un comportamiento depresivo en la edad adulta, viéndose tal efecto en las ratas 
hembra, pero no en los machos. La mayor parte de las investigaciones realizadas en 
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seres humanos sugieren que las mujeres son más sensibles a los efectos deletéreos de 
los cannabinoides que los hombres, y esta misma diferencia también se ha descrito en 
estudios con roedores [ver para revisión Craft et al. (2013)]. Las diferencias sexuales en 
los efectos de los agonistas cannabinoides podrían atribuirse, al menos parcialmente, a 
las diferencias de base que existen en la densidad y actividad de los receptores CB1 
cerebrales. Así, recientemente, hemos descrito una diferencia en la actividad de los 
receptores CB1 entre animales control (inyectados con vehículo) macho y hembra, 
observándose una mayor funcionalidad/actividad de estos receptores en las hembras 
comparadas con los machos. Por otro lado, las hembras tendieron a mostrar una menor 
densidad de receptores CB1 (efecto general del sexo en la formación hipocampal) 
(Mateos et al., 2011), y en anteriores secciones de la Discusión de esta Tesis (apartados 
1.1. y 1.3.) hemos discutido resultados similares en otras regiones cerebrales de los 
animales controles. Sería lógico pensar que la menor densidad del receptor CB1 
encontrado en las hembras pudiera de alguna manera compensarse por una mayor 
actividad funcional, al menos en ciertas regiones cerebrales. Las diferencias sexuales en 
la respuesta a los cannabinoides pueden deberse a efectos activacionales y 
organizacionales de las hormonas gonadales, las cuales provocan una diferenciación 
sexual del cerebro durante los periodos críticos del desarrollo, i.e. los periodos perinatal 
y periadolescente, siendo el estradiol la hormona que más contribuye a tales diferencias 
en los efectos de los cannabinoides en los animales adultos. Muchas, aunque no todas 
las diferencias sexuales en los efectos de los cannabinoides exógenos pueden atribuirse 
a las diferencias sexuales que hay en el SEC de los roedores, aunque esto mismo no ha 
podido todavía establecerse firmemente para los seres humanos [ver para revisión Craft 
et al. (2012) y Viveros et al. (2012b)]. Los factores farmacocinéticos también podrían 
desempeñar un papel importante en las diferencias sexuales de los efectos de los 
cannabinoides. Las enzimas citocromo P450 hepáticas, responsables del metabolismo 
oxidativo de los cannabinoides, parecen ser específicas del sexo en las ratas, así, en las 
ratas hembra el THC se metaboliza formando preferentemente un metabolito altamente 
activo, mientras que en los machos se metaboliza formando diversos compuestos. Estas 
diferencias en el metabolismo podrían contribuir, por ejemplo, a un efecto más 
pronunciado y duradero del THC sobre la nocicepción y el comportamiento locomotor 
en las ratas hembra. Para los seres humanos, dado que el THC se almacena en el tejido 
adiposo, que tiende a tener una mayor prevalencia en las mujeres que en los hombres 
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(27% de grasa en mujeres frente al 15% de los hombres), la distribución y excreción de 
este agonista cannabinoide podría ser diferente entre los dos sexos, haciendo que las 
mujeres, al tener un mayor índice de grasa corporal, almacenaran una mayor cantidad de 
THC que los hombres [ver para revisión Anderson et al. (2010)]. 
Como ya se ha explicado a lo largo de esta Tesis Doctoral, el periodo 
adolescente parece poseer una vulnerabilidad única a al menos algunos de los efectos 
adversos de los cannabinoides. Por ejemplo, Schneider et al. (2008) observaron que la 
administración crónica de WIN55,212-2 durante la pubertad, pero no durante la etapa 
adulta, producía alteraciones persistentes de la memoria social y de trabajo, esta última 
medida en el NOT, así como a un aislamiento social y a alteraciones del 
comportamiento social y del autoaseo o grooming. Es más, la administración aguda de 
este agonista cannabinoide sintético producía efectos más severos sobre el 
comportamiento de animales púberes que en el de animales adultos. En línea con estos 
datos, aquellos consumidores de cannabis que empezaron a consumirlo antes de los 17 
años exhibían una ejecución cognitiva más pobre que aquéllos que empezaron a 
consumirla después de dicha edad o que los sujetos control, especialmente en cuanto al 
coeficiente intelectual verbal (Pope et al., 2003). Es posible que los efectos a largo 
plazo sobre la función cognitiva de la exposición adolescente al cannabis estén 
relacionados, al menos en parte, con una función sináptica deficiente en el hipocampo 
(Rubino et al., 2009). En cualquier caso, merece la pena mencionar que, bajo ciertas 
condiciones experimentales, la administración de cannabinoides produjo una alteración 
de la cognición independientemente de la edad de tratamiento. Así, O’Shea et al. (2006) 
encontraron que la exposición crónica al agonista cannabinoide CP durante la etapa 
perinatal, la adolescencia o la vida adulta causó alteraciones similares a largo plazo de 
la memoria en ratas. Bajo las presentes condiciones experimentales no se observó 
ningún efecto de la MDMA sobre el índice de discriminación del NOT. Este resultado 
concuerda con los de Kolyaduke y Hughes (2013), quienes no encontraron ningún 
efecto del tratamiento con MDMA durante la adolescencia (10 días de tratamiento de 
DP 35 a 45) sobre la memoria espacial (laberinto en Y) o de trabajo (NOT). Sin 
embargo, los efectos de la MDMA podrían observarse en otras prueba cognitivas y/o a 
corto plazo, dado que estudios tanto en animales como en seres humanos revelan que la 
MDMA es deletérea para la función cognitiva. Por ejemplo, estudios previos han 
desvelado que la administración de MDMA puede alterar la memoria de trabajo en ratas 
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(Rodsiri et al., 2011; Piper y Meyer, 2004) y en seres humanos (Bolla et al., 1998; 
Parrott et al., 1998) así como el aprendizaje asociativo (Montgomery et al., 2005) en 
consumidores y abstinentes. Merece la pena mencionar que un gran número de estudios 
animales sugieren que puede existir un periodo crítico para los efectos a largo plazo de 
la MDMA sobre la cognición. Por ejemplo, el tratamiento con MDMA desde el DP 11 
al 20 produjo una alteración del aprendizaje espacial, causó hipoactividad y alteró la 
memoria de reconocimiento de objetos, cuando se testó a los animales en la etapa 
adulta. Estos efectos sobre el aprendizaje aparecen poco después de la exposición a la 
MDMA y se ha visto que duran al menos un año (es decir, la mitad de la vida del 
individuo), sin embargo, la administración de MDMA en edades más tempranas no 
causó ningún efecto sobre la conducta cognitiva. Estos resultados demuestran la 
existencia de un periodo crítico para los efectos cognitivos de la MDMA durante el 
segundo intervalo de 10 días de vida del animal (ver para revisión Skelton et al. (2008)]. 
Los presentes resultados también muestran que la exploración de objetos durante las 
sesiones de la prueba se vio significativamente afectada por el tratamiento con MDMA 
con una disminución del tiempo que pasaron explorando ambos objetos, lo cual podría 
sugerir una menor capacidad de atención, una hipótesis que parece factible por los 
efectos observados en la PPI por el tratamiento con MDMA.  
La PPI, un test que hemos utilizado en dos de los experimentos que componen la 
Tesis Doctoral, consiste en la supresión del reflejo de sobresalto que ocurre cuando el 
estímulo principal es precedido por uno de menor intensidad (Graham, 1975). Esta 
medida de filtrado de entrada de información sensomotora se cree que está controlada 
por estructuras localizadas en la parte inferior del tronco encefálico y mediada por 
aferentes provenientes del prosencéfalo (Weiss y Feldon, 2001). En algunas alteraciones 
neuropsiquiátricas, se ha observado una deficiencia de la PPI [ver para revisión Li et al. 
(2009)]. Por ejemplo, se han relacionado alteraciones de la PPI con el déficit de filtrado 
de la entrada de información sensomotora y de la capacidad de atención presentes en la 
esquizofrenia (Van den Buuse et al., 2003; Geyer et al., 2001; Weiss y Feldon, 2001). 
Los fármacos que actúan como liberadores de serotonina, como por ejemplo la MDMA, 
producen una alteración en el filtrado de entrada de información sensomotora, la cual 
puede medirse con la PPI. Por ejemplo, en estudios previos realizados en ratas adultas 
se ha visto que la administración aguda de MDMA puede producir una alteración de 
este fenómeno (Vollenweider et al., 1999) de una manera dosis-dependiente y en ambos 
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sexos (Bubeníková et al., 2005). En un estudio reciente, sin embargo, no se observó 
ningún efecto de la droga tras un tratamiento crónico intermitente (Shortall et al., 2012). 
Los presentes resultados muestran cómo la administración adolescente de MDMA 
produjo una disminución significativa del porcentaje de PPI en los animales adultos, 
siendo la magnitud de este efecto dependiente de la intensidad del prepulso. Las 
discrepancias con el estudio de Shortall et al. (2012) podrían sugerir que los animales 
adolescentes son particularmente vulnerables a los efectos de la MDMA sobre la PPI. 
Sin embargo, no podemos excluir las diferentes condiciones experimentales entre 
ambos trabajos. Por ejemplo, Shortall et al. (2012) emplearon animales con un amplio 
rango de pesos corporales (170-305 g) y, por tanto, de edad. De hecho describen a los 
animales como “jóvenes adultos” y el protocolo de administración era una dosis de 
MDMA de 10 mg/kg dos días consecutivos cada semana durante tres semanas. Los 
presentes resultados no revelaron ningún efecto significativo del THC per se sobre la 
PPI. Esto contrasta con los numerosos datos que muestran una alteración de la PPI 
producida por el tratamiento crónico durante la adolescencia con agonistas 
cannabinoides [ver por ejemplo: Wegener y Koch (2009), Schneider et al. (2005) y 
Schneider y Koch (2003)], incluidos nuestros resultados ya discutidos en un apartado 
anterior referido a los efectos de la exposición adolescente al CP. La aparente 
discrepancia podría deberse a que las dosis de THC empleadas en este estudio no fueron 
suficientemente altas como para producir una alteración de la PPI. Sin embargo, es 
importante tener en cuenta que tras el estímulo intermedio de 75 dB la MDMA sólo 
pudo producir una disminución de la PPI en combinación con la administración de 
THC. Este resultado indica que el THC, incluso a dosis sub-efectivas, podría potenciar 
los efectos de la MDMA y que la combinación de ambas drogas podría incrementar la 
posibilidad de desarrollar un cuadro de tipo psiquiátrico; este resultado tiene pues 
importantes consecuencias en relación al consumo humano. Cabe destacar que, además 
de alterar la PPI, la administración de MDMA durante la adolescencia puede haber 
causado un aumento de la impulsividad como ya ha sido mencionado anteriormente. La 
alteración de la PPI se observa en pacientes con patologías neuropsiquiátricas 
incluyendo aquéllos que sufren de una sintomatología psicótica, y una personalidad de 
búsqueda de la novedad y de toma de riesgos podría incrementar las posibilidades de 
autoadministrarse diversas drogas de abuso (Sher et al., 2000; Wills et al., 1994). Por lo 
que es posible que el consumo de MDMA durante la adolescencia aumente la 
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vulnerabilidad a desarrollar ciertos desórdenes psiquiátricos tales como psicosis y que 
su uso facilite el consumo de otras drogas. Encontramos también diferencias sexuales en 
el test de la PPI entre los animales control. De hecho, se observaron diferencias sexuales 
en cada una de las intensidades prepulso testadas, observándose un menor filtrado de la 
entrada de información sensomotora en las hembras que en los machos. Diversos 
estudios han encontrado diferencias sexuales en la PPI de personas sanas (Kumari et al., 
2004) así como de ratas (Marriot et al., 2012; Lehmann et al., 1999), siendo los machos 
los que poseen una mayor PPI. 
2.3. Cambios neuroquímicos 
Se evaluaron diversos efectos neuroquímicos del THC y de la MDMA para 
identificar posibles mecanismos neurobiológicos relacionados con los cambios 
conductuales producidos por ambos tratamientos crónicos. Se investigó primero la 
inmunorreactividad de la proteína asociada al citoesqueleto regulada por actividad (Arc, 
del inglés Activity-Regulated Cytoskeleton-associated protein) la cual es rápidamente 
modulada dependiendo de la actividad sináptica (Korb y Finkbeiner, 2011; Bramham et 
al., 2008). No se encontraron diferencias significativas en la expresión de Arc en el 
córtex prefrontal de los machos, sin embargo, en el de las hembras pudo observarse una 
disminución de la inmunorreactividad para Arc en los animales tratados con THC. En el 
hipocampo, la administración adolescente de THC redujo la expresión de Arc en ambos 
sexos. Además, se encontró una interacción entre ambas drogas en esta estructura 
cerebral dado que la MDMA sólo produjo una disminución de la inmunorreactividad 
para Arc en las hembras tratadas con THC pero no en los animales tratados con 
vehículo. Es interesante señalar que la regulación a la baja de la proteína Arc en el 
hipocampo utilizando oligodesoxinucleótidos antisentido perjudica la consolidación del 
aprendizaje espacial (Guzowski et al., 2000), lo que apunta a una relación entre los 
déficits de memoria encontrados en las hembras tratadas con THC-MDMA con una 
disminución de la expresión de Arc.  
También investigamos la inmunorreactividad a las fosfo-quinasas reguladas por 
señal extracelular (pERK, del inglés extracellular signal-regulated kinases), ya que, 
como han descrito otros autores, puede verse modulada por el tratamiento con THC 
(Rubino et al., 2004) y con MDMA (Di Benedetto et al., 2011). Los cambios en la 
fosforilación de la pERK están asociados a alteraciones del estado emocional en 
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modelos animales (Einat et al., 2003). En nuestro modelo experimental la señalización 
de pERK se vio regulada a la baja en el córtex frontal de las ratas macho expuestas a 
MDMA mientras que no se encontraron diferencias significativas en las hembras. En los 
machos tratados con MDMA, los cambios en la inmunorreactividad de la pERK podrían 
relacionarse con las alteraciones conductuales halladas en el TCA, i.e. una disminución 
de la frecuencia y el tiempo de investigación de los agujeros, indicativo de una elevada 
emotividad, y en el LCE donde se vio un aumento del comportamiento de riesgo. Por 
otro lado, las hembras tratadas con MDMA mostraron unas alteraciones del 
comportamiento a corto plazo similares a las de los machos en el TCA y en el LCE 
aunque no encontramos las mismas alteraciones en los niveles de pERK durante la edad 
adulta. Se sabe que el estradiol ejerce algunos de sus efectos neuroprotectores a través 
de la activación de la vía de las pERK (Lebesgue et al., 2009). Podríamos especular 
entonces con la idea de que en las hembras las hormonas gonadales mediaron la 
restauración de este sistema de señalización. En nuestro diseño no observamos ningún 
efecto del THC sobre la vía de señalización de las pERK. Rubino et al. (2004) 
observaron que inmediatamente después de un tratamiento agudo, y también de uno 
crónico, con THC se producía un aumento de la inmunorreactividad de la pERK en 
diversas áreas cerebrales, sin embargo, en nuestro protocolo, el tratamiento con THC 
finalizó mucho antes de los análisis bioquímicos. Por tanto, es posible que la vía de 
señalización de las pERK hubiese sido completamente restaurada tras el paso de todo 
ese tiempo.  
Por último, el THC produjo una disminución de la expresión de ARNm para la 
prepro-orexina en el hipotálamo de ratas macho, aunque el tratamiento combinado con 
MDMA contrarrestó este efecto. En un estudio de Rao et al. (2013) se describe cómo la 
administración repetida de otro psicoestimulante, la cocaína, en ratones produce 
alteraciones a largo plazo de la potenciación de las sinapsis glutamatérgicas en neuronas 
productoras de orexina. Es posible que un mecanismo excitatorio similar del tratamiento 
intermitente con MDMA sea el responsable del bloqueo producido sobre los efectos del 
THC en la expresión de orexina. No se encontró ningún efecto sobre los niveles de 
ARNm para prepro-orexina de ninguno de los tratamientos en hembras, lo cual sugiere 
de nuevo la existencia de un mecanismo neuroprotector de las neuronas productoras de 
orexina hipotalámicas contra las alteraciones relacionadas con el THC en este sexo, 
probablemente relacionado con los esteroides sexuales. 
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2.4. Niveles hormonales 
De acuerdo con estudios previos de nuestro grupo en los que empleamos el 
agonista cannabinoide CP, incluyendo el ya expuesto en el primer apartado de la 
Discusión (Biscaia et al., 2003), la administración crónica con THC durante la 
adolescencia no produjo ningún efecto en los niveles basales de corticosterona en 
ninguno de los sexos. Los resultados obtenidos en nuestro trabajo acerca de efectos a 
largo plazo de SM y CP sugieren que los efectos de los agonistas cannabinoides sobre la 
función del eje HHA podrían aparecer ante la exposición a agentes estresantes (efectos 
detectados al medir los niveles de corticosterona y ACTH tras exposición a la prueba de 
PPI. Los presentes resultados indican que la exposición intermitente a la MDMA 
durante la adolescencia produjo una disminución significativa a largo plazo de los 
niveles de corticosterona en los machos. Los efectos neuroendocrinos de la MDMA han 
sido principalmente estudiados tras tratamientos agudos y como una respuesta a corto 
plazo, mientras que se conoce muy poco sobre los efectos a largo plazo tras un 
tratamiento crónico, particularmente durante el periodo periadolescente. Ha sido 
descrito con anterioridad que la corticosterona se encuentra aumentada 30 minutos 
después de un tratamiento con MDMA y vuelve a los niveles control a las 6 horas; un 
efecto que además es dependiente de la dosis (Nash et al., 1988). En otro diseño 
experimental en el que los animales recibían 3 dosis de MDMA (con dos horas de 
intervalo entre cada dosis) y se analizaban los niveles de corticosterona dos semanas 
después en respuesta a una estimulación con MDMA se observó que estos animales 
presentaban una menor elevación de los niveles de corticosterona que aquellos animales 
que fueron pretratados con salino (Baumann et al., 2007). Para encontrar un modelo 
más parecido al empleado en el presente estudio debemos recurrir de nuevo al trabajo de 
Shen et al. (2011). En este experimento se midieron los efectos a largo plazo de la 
exposición durante la adolescencia a THC y MDMA en los niveles basales de 
corticosterona y en respuesta a la exposición al campo abierto,  y  no se encontraron 
diferencias en los niveles de corticosterona (basales o en respuesta a un estrés de nivel 
moderado) debidas a los tratamientos farmacológicos. Recordemos que su protocolo de 
administración de las drogas difería del nuestro en varios aspectos y, además, en su caso 
las muestras de plasma para estudiar los niveles de corticosterona basales se recogían a 
DP 66, y las muestras para medir la corticosterona en respuesta a un estrés de nivel 
moderado a DP 68. Gerra et al. (2003) describieron en consumidores frecuentes de 
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éxtasis una elevación de los niveles basales de cortisol y ACTH y una respuesta mayor 
ante un agente estresante psicosocial cuando fueron comparados con los sujetos control. 
Esta discrepancia puede ser resultado de diferencias entre ambas especies (ratas vs seres 
humanos) en la reactividad neuroendocrina a la MDMA o también a las diferencias en 
la cantidad y/o patrón de consumo de la MDMA en los seres humanos, o en el tiempo 
que pasa entre la exposición a la droga y la medida endocrina. En cualquier caso, los 
presentes resultados de nuevo enfatizan la modulación que el factor sexo ejerce sobre 
los efectos de las drogas de abuso. Como en la mayoría de los parámetros estudiados en 
el presente trabajo, el análisis de los niveles de corticosterona también en este 
experimento presentaron un marcado dimorfismo sexual entre los animales control, con 
unos niveles circulantes de esta hormona mayores en hembras que en machos a las dos 
edades analizadas i.e. DP 50 y edad adulta (alrededor del DP 90). Estos resultados 
concuerdan con estudios previos en los que tales diferencias sexuales aparecían en la 
edad adulta (Viveros et al., 1988), la adolescencia (Llorente et al, 2007; Romero et al., 
2002) y en animales neonatales (Borcel et al., 2004), lo cual indica que este tipo de 
diferencia sexual aparece mucho antes de la pubertad.  
Se analizaron igualmente los niveles circulantes de leptina a dos edades, durante 
la edad adulta (alrededor del DP 90) y a DP 50. Los tratamientos durante la 
adolescencia con THC y MDMA no produjeron ningún efecto sobre los niveles de esta 
hormona en la etapa adulta. Sin embargo, a DP 50, las hembras tratadas crónicamente 
con THC durante la adolescencia mostraron una disminución de los niveles de leptina. 
Recordemos que en el primer experimento de esta Tesis Doctoral encontramos que un 
tratamiento crónico adolescente con el agonista cannabinoide CP (0,4 mg/kg) provocó 
una reducción de los niveles de leptina entre 30 y 33 días después del final del 
tratamiento. Podemos concluir que la exposición a un cannabinoide durante el periodo 
periadolescente puede actuar a largo plazo reduciendo los niveles de leptina, aunque la 
extensión de tal efecto puede depender, entre otros factores, del agonista cannabinoide 
utilizado, la dosis y el esquema de administración. Los presentes resultados no 
mostraron efectos a largo plazo de la administración de MDMA durante la adolescencia 
sobre los niveles de leptina medidos a DP 50 y 90. A pesar de los efectos anoréxicos 
que presenta esta droga y sus efectos sobre el peso corporal, existe poca información 
que asocie los efectos de la MDMA con las hormonas involucradas en la regulación del 
apetito. Los resultados obtenidos por Kobeissy et al. (2008) en ratas macho de 60 días 
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de edad demuestran que una simple dosis de 5 mg/kg de MDMA no produce ningún 
efecto observable sobre los niveles de leptina en ninguno de los intervalos de tiempo 
estudiados, mientras que una dosis de 20 mg/kg produce cambios significativos cuando 
se compara con el grupo control 6 horas después del tratamiento, y la dosis de 40 mg/kg 
produce cambios significativos incluso 12 horas después de la administración del 
psicoestimulante. 24 y 48 horas después, los niveles de leptina tras las dosis de 20 y 40 
mg/kg de MDMA comienzan a normalizarse hasta alcanzar valores control. Esto sugiere 
que la MDMA ejerce un efecto dependiente de la dosis y transitorio, y éste puede haber 
sido el caso en nuestro experimento, en el que no pudimos detectar ningún efecto sobre 
la leptina tras un periodo de aclaramiento de la droga mucho más largo. Una vez más, 
encontramos diferencias sexuales entre los animales control en la edad adulta, con los 
machos exhibiendo mayores niveles de leptina que las hembras. Sin embargo, esta 
diferencia sexual no pudo encontrarse en los animales a DP 50. Los presentes resultados 
confirman la ya bien conocida diferencia en los niveles de leptina entre machos y 
hembras adultos y concuerdan con trabajos previos en los que se observaron mayores 
niveles de leptina en machos en relación a las hembras, efecto que se vuelve evidente 
sólo tras la pubertad (Mela et al., 2012a; Viveros et al., 2010b; Llorente et al., 2011; 
Smith y Waddell, 2003). 
2.5. Análisis inmunohistoquímico  
En este trabajo proporcionamos la primera evidencia sobre las consecuencias, 
tanto en machos como en hembras, de la administración de THC y/o MDMA durante la 
adolescencia sobre células de glía (relacionadas con neuroinflamación) y sobre los 
sistemas serotoninérgico y endocannabinoide de animales adultos.  
La MDMA presenta propiedades neurotóxicas y neuroinflamatorias que son más 
evidentes en la microglía que en la astroglía (Frau et al., 2013). De acuerdo con esta 
observación, nuestros resultados demuestran que la MDMA no produce efectos 
significativos sobre la inmunorreactividad a GFAP en el hipocampo mientras que 
produce unos efectos muy evidentes sobre la reactividad microglial. El estudio 
anteriormente mencionado, donde los efectos de la MDMA sobre la reactividad de la 
glía fueron analizados en el núcleo accumbens, el estriado, la sustancia negra y el 
córtex, muestra que la MDMA ejerció sus efectos de manera más contundente en el 
estriado (Frau et al., 2013). Sin embargo, los efectos sobre el hipocampo todavía no han 
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sido estudiados en profundidad. Los presentes resultados muestran que, en esta región 
cerebral, el THC produjo un aumento significativo del porcentaje de área 
inmunorreactiva para el GFAP en ambos sexos. A pesar de que se observó una 
tendencia en la misma dirección debida al tratamiento con MDMA, no se observaron 
efectos aditivos de ambas drogas cuando se administraron conjuntamente, sino que, en 
hembras, encontramos que la MDMA contrarrestó los efectos del THC, apoyando así 
otros estudios que han descrito una interacción funcional entre el THC y la MDMA en 
el control de la activación astrocítica (Touriño et al., 2010). Los presentes resultados 
también muestran que en los machos ambas drogas, bien por separado o en 
combinación, causaron un aumento significativo del porcentaje de células microgliales 
reactivas (inmunorreactivas para el anticuerpo anti-molécula mediadora de la unión de 
calcio ionizado tipo 1 específica de macrófagos y microglía ó Iba-1). En estudios 
previos se ha observado que un tratamiento crónico con MDMA en ratas Dark Agouti 
macho produjo un aumento de los niveles de interleukina-1β (IL-1β) (Orio et al., 2004), 
que es una mediadora clave de las respuestas microgliales tanto en estados fisiológicos 
como en estados patológicos (Griffin et al., 1998; Sheng et al., 1996; Giulian et al., 
1988). Con respecto al THC, estudios in vitro con células de ratón han mostrado que 
este compuesto modula la bioactividad de la IL-1β (Shivers et al., 1994), controlando 
así la activación de la microglía. Los resultados obtenidos en las hembras con respecto a 
los efectos de las drogas sobre la reactividad de la microglía fueron exactamente 
opuestos a los de los machos. Así, en hembras, cada droga administrada por separado, 
produjo una disminución significativa del porcentaje de células microgliales reactivas, 
mientras que la combinación de ambos tratamientos causó una “normalización” de este 
parámetro hasta alcanzar niveles de hembras controles. Es importante señalar que el 
estado basal de reactividad de la microglía fue completamente distinto entre machos y 
hembras control; las hembras presentaron unos niveles mayores del fenotipo reactivo 
que los machos. Estos resultados concuerdan con estudios previos en los que se observó 
que los machos presentan un mayor número de células microgliales durante el 
desarrollo postnatal temprano (DP 4), mientras que las ratas hembra expresan un mayor 
número de microglía reactiva durante la adolescencia y la etapa adulta (DP 30-60). Esta 
diferencia sexual es extensible a los niveles de quimioquinas y la actividad de las 
células microgliales, lo que podría explicar diferencias en el rol y contribución de su 
respuesta ante diversos agentes adversos (Schwartz et al., 2012). En vista de los 
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presentes resultados, es probable que dependiendo del estado activacional inicial de la 
microglía (que es claramente distinto entre machos y hembras), el THC y la MDMA 
produzcan efectos muy diferentes que pueden incluso llegar a ser opuestos. Se ha 
observado, en estudios previos, que el agonista cannabinoide sintético WIN55,212-2 
administrado durante 21 días a ratas Sprague-Dawley macho causó una disminución del 
número de células microgliales activas cuando se administró conjuntamente con la 
molécula proinflamatoria LPS; sin embargo, no causó ninguna disminución de la 
reactividad microglial cuando el LPS no estuvo presente (Marchalant et al., 2007). Esta 
observación indica que los agonistas cannabinoides pueden presentar un efecto 
antiinflamatorio cuando existe un estado activado previo de la microglía. Es más, 
Marchalant et al. (2007) también hallaron que el efecto antiinflamatorio se producía en 
el giro dentado y el CA1 de la formación hipocampal pero no en el CA3 o el córtex 
entorrinal, lo que señala la existencia de un efecto dependiente del área. El hecho de que 
en el presente estudio el THC per se produjese una reducción del porcentaje de células 
reactivas microgliales en las hembras podría atribuirse al fenotipo de tipo inflamatorio 
que éstas muestran en condiciones basales cuando se comparan con los machos. En 
cuanto a los efectos opuestos de la MDMA sobre la reactividad de las células de 
microglía entre machos y hembras, Connor et al. (2005) describieron que la 
administración aguda de MDMA a ratas Sprague-Dawley macho produjo un aumento 
de los niveles de la interleuquina antiinflamatoria IL-10 y una disminución del factor de 
necrosis tumoral alfa (citokina proinflamatoria) cuando se coadministró con LPS tanto 
in vivo como in vitro; mientras que otros autores han encontrado que la MDMA ejerce 
efectos proinflamatorios cuando se inyectan en condiciones basales (Touriño et al., 
2010). Estos estudios sugieren que la MDMA también necesita de un estado previo 
activado de las células microgliales para ejercer efectos de tipo “antiinflamatorio”. En 
línea con este razonamiento, y similarmente a lo anteriormente descrito para el THC, 
nuestros resultados demuestran que la MDMA redujo el porcentaje de células 
microgliales con un fenotipo reactivo sólo en las hembras ya que es el sexo que exhibe 
un mayor número de células microgliales activas en condiciones basales. El hecho de 
que tanto el THC como la MDMA, cuando fueron administrados por separado, 
disminuyeran significativamente la activación de la microglía con respecto al grupo 
control, lo que podría considerarse como un efecto “antiinflamatorio”, no debería ser 
visto como un efecto beneficioso dado que la acción de las drogas lo que provoca es un 
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cambio de los niveles basales de este parámetro. De manera similar, entre las hembras, 
la combinación de ambas drogas produjo un retorno a los niveles control del porcentaje 
de células microgliales reactivas. Una posible explicación para esta interacción es que, 
de acuerdo con nuestro protocolo experimental, los animales tratados con ambas drogas 
recibieron dos inyecciones de THC antes de comenzar el tratamiento con MDMA, y es 
posible que cuando empezó el tratamiento con MDMA, el THC ya hubiese causado una 
disminución de la microglía reactiva de las hembras. Como ya hemos indicado, los 
resultados de Connor et al. (2005) sugieren que la MDMA necesita de un estado 
activado previo para reducir la activación de la microglía. Es más, nuestros resultados 
demuestran que con una menor activación microglial, esta droga produce un aumento de 
la microglía reactiva (en nuestro caso en los machos). Por tanto, podemos especular que 
bajo el efecto del THC, la adición de MDMA podría producir algún tipo de efecto 
compensatorio.  
Son muchos los estudios que han demostrado que la MDMA produce una 
pérdida de axones serotoninérgicos y una reducción de los niveles de serotonina 
(Baumann et al., 2007; Piper, 2007). De acuerdo con esta información, nuestros 
resultados muestran que la exposición a MDMA durante la adolescencia causó una 
reducción a largo plazo de las fibras inmunorreactivas para el transportador de 
serotonina (SERT) en ambos sexos. Los efectos neurotóxicos de la MDMA sobre los 
axones serotoninérgicos parecen depender del efecto hipertérmico de la droga y de la 
ruta de administración (Morley et al., 2004). Meyer et al. (2008) encontraron una 
disminución significativa de la inmunorreactividad al SERT en el hipocampo de 
animales macho adultos tras un protocolo de administración de MDMA muy similar al 
utilizado en el presente estudio donde encontramos una respuesta hipertérmica al 
tratamiento con MDMA. Nuestros datos también indican que el THC causó un aumento 
significativo de las fibras SERT+ en los machos, sin cambios en las hembras. Se sabe 
que el SEC juega un papel crucial en los procesos de neurodesarrollo durante la 
adolescencia (Viveros et al., 2012a) y modula la actividad del sistema serotoninérgico 
mediante la inhibición de la liberación de serotonina a través de la activación de los 
receptores CB1 (Haj-Dahmane y Shen, 2011). El tratamiento crónico con THC y la 
resultante reducción de los niveles de serotonina podrían conducir a una reorganización 
de las fibras serotoninérgicas que podría verse reflejada en un incremento de la 
expresión del SERT en el córtex parietal. De hecho, datos previos indican que los 
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cambios en el patrón de expresión postnatal del SERT pueden ser resultado de una 
reorganización de la inervación serotoninérgica (Hansson et al., 1998). En contraste con 
nuestros resultados, Shen et al. (2011) no encontraron ninguna alteración significativa 
de la expresión del SERT en el córtex parietal de animales adultos tratados 
crónicamente con THC (5 mg/kg/día) durante la adolescencia. Esta aparente 
discrepancia podría atribuirse a los diferentes tratamientos recibidos por los animales en 
ambos estudios, dado que, en nuestro caso, administramos a los animales una dosis 
creciente de THC (2,5, 5 y 10 mg/kg), lo que seguramente previno el desarrollo de 
tolerancia a los efectos del THC. En el presente experimento también encontramos una 
normalización del número de fibras SERT+ a valores de los animales control en 
aquellas ratas que fueron expuestas a ambas drogas. Existen varios estudios que 
sugieren que la administración de THC previene alguno de los efectos neurotóxicos de 
la MDMA (Touriño et al., 2007, 2010; Parrott et al., 2007; Morley et al., 2004). Esta 
idea proviene de la suposición de que el THC y la MDMA producen, cuando se 
administran de manera aguda, a corto plazo, efectos farmacológicos opuestos sobre 
ciertos parámetros tales como la locomoción, la respuesta térmica y la ansiedad 
(Touriño et al., 2010). Como ya hemos mencionado, la mayoría de los estudios sobre 
este tema han investigado los efectos agudos y/o a corto plazo del tratamiento 
combinado con THC y MDMA en animales adultos, mientras que existe muy escasa 
información sobre efectos a largo plazo (tras un periodo relativamente largo de 
aclaramiento de la droga) de tratamientos crónicos durante el periodo adolescente, que 
es cuando con mayor frecuencia suelen ser consumidas estas drogas (EMCDDA, 2012). 
En estas últimas condiciones, que mimetizan más adecuadamente el patrón de consumo 
habitual por parte de los seres humanos, los resultados de este consumo son mucho más 
complejos. Recordemos que en cuanto a los efectos conductuales de nuestros 
tratamientos observamos que la coadministración de THC y MDMA causa una mayor 
degradación de la memoria de trabajo de las hembras y de la capacidad de atención de 
ambos sexos que cuando se trata a los animales con una de estas drogas por separado. 
Otros autores han visto que el THC podría de alguna manera contrarrestar los efectos 
ansiogénicos de la MDMA (Shen et al., 2011; Morley et al., 2004), mientras que 
nosotros no encontramos ninguna interacción entre la MDMA y el THC en el LCE. Así 
pues, en nuestro caso, la normalización de la expresión del SERT producida por la 
combinación de THC y MDMA no parece reflejar una “normalización” a nivel 
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conductual. Los presentes resultados también muestran que la expresión del SERT fue 
mayor en las hembras control que en los machos control. Se sabe que el sistema 
serotoninérgico presenta diferencias sexuales; por ejemplo, Ortiz et al. (1988) 
descubrieron que las  mujeres presentan unos mayores niveles plasmáticos de serotonina 
que los hombres y Mitsushima et al. (2006) observaron que las ratas macho exhibían 
unos mayores niveles de serotonina que las hembras en la amígdala basolateral, 
posiblemente debido a una tasa de síntesis más elevada en los machos en varias 
regiones cerebrales, incluyendo el córtex parietal (Nishizawa et al., 1997). Nuestros 
resultados demuestran que las hembras control tienen una mayor densidad de fibras 
SERT+ en el córtex parietal, lo que apoya estudios previos en seres humanos (Staley et 
al., 2001).  
En lo referente a los resultados de la expresión del receptor CB1, no observamos 
efectos significativos del tratamiento farmacológico en los machos, mientras que en las 
hembras pudimos apreciar un claro efecto “escalera” en el que el grupo expuesto a 
ambas drogas exhibió la menor expresión de receptor CB1. Como hemos indicado más 
arriba, observamos el mismo efecto de los tratamientos sobre el índice de 
discriminación en el test de memoria realizado, el NOT. Dado que la memoria de 
trabajo está estrechamente vinculada con la función hipocampal (Clarke et al., 2008) y 
el SEC está involucrado en procesos relacionados con la cognición (Rubino y Parolaro, 
2011), podemos concebir que la marcada reducción del número de receptores CB1 en el 
hipocampo de los animales expuestos a THC y/o MDMA esté relacionada con esta 
alteración de la memoria de trabajo. En relación a la ausencia de efectos sobre CB1 en 
los machos, estudios previos con protocolos similares han descrito una disminución a 
largo plazo de la densidad del receptor CB1 en machos tras un tratamiento crónico con 
THC durante la adolescencia (Rubino et al., 2008) y en la presente Tesis Doctoral se ha 
descrito un resultado similar tras un tratamiento crónico con CP-55,940 en ratas 
adolescentes. La discrepancia entre estos datos y los encontrados en el presente estudio 
podría deberse, al menos en parte, a la manipulación previa a la que fueron sometidos 
los animales en este experimento, como por ejemplo la batería de pruebas conductuales. 
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3. LA ANANDAMIDA Y EL 2-ARAQUIDONILGLICEROL MODIFICAN LA 
EXPRESIÓN DE MIEDO CONDICIONADO EN SENTIDOS OPUESTOS 
 
El presente estudio se centró en investigar las consecuencias de un incremento, 
mediante métodos farmacológicos, de la señalización de anandamida (AEA) y 2-
araquidonilglicerol (2-AG) en la expresión del miedo condicionado. Nuestros resultados 
demuestran que la inhibición de la degradación de AEA reduce el freezing, conducta 
asociada al miedo en la que el animal se queda paralizado, mediante un mecanismo 
dependiente tanto del receptor CB1 como del receptor de potencial transitorio vaniloide 
1 (TRPV1, del inglés Transient Receptor Potential vanilloid 1). La inhibición de la 
degradación de 2-AG, sin embargo, promueve el freezing, de una manera similar a la 
acción del agonista del receptor CB1 CP, y este efecto fue dependiente de la expresión 
de receptores CB1 en neuronas GABAérgicas. 
En la actualidad, existe un gran número de trabajos que han demostrado la 
existencia de una relación entre el grado de aversión de un test conductual y los 
sistemas endocannabinoide y endovaniloide en la regulación del miedo y de la ansiedad 
(Marsch et al., 2007; Naidu et al., 2007; Haller et al., 2004), incluyendo la expresión 
del miedo condicionado (Kamprath et al., 2009). Dado su potencial para ser explotados 
como diana terapéutica para el tratamiento del trastorno por estrés postraumático 
(PTSD, del inglés Post-traumatic stress disorder; Trezza y Campolongo, 2013), 
decidimos investigar de manera sistémica las consecuencias de la modificación de la 
señalización tanto del SEC como del sistema endovaniloide sobre la respuesta a un 
miedo de grado elevado. Para ello, establecimos un protocolo de miedo condicionado 
auditivo que permitió por un lado provocar una respuesta del SEC [mediante un shock 
eléctrico mayor de 0,7 mA; ver para más información Kamprath et al. (2009)] y por el 
otro una respuesta de freezing sostenida frente a un tono, es decir, que no decayera a lo 
largo de toda la fase de extinción. De acuerdo con estudios previos del laboratorio del 
Dr Carsten Wotjak, la presentación de tonos auditivos de larga duración durante la fase 
de extinción del miedo permiten mantener las respuestas de freezing en unos niveles 
relativamente estables a lo largo del curso de exposiciones repetidas (Plendl y Wotjak, 
2010). Así, el primer experimento del Bloque 5 de la presente Tesis Doctoral estuvo 
dirigido a establecer y poner a punto un modelo animal de freezing sostenido a lo largo 
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de varios días de extinción. Observamos que la mayor intensidad de shock testada, 
provocó una respuesta de miedo por encima del 50% de freezing durante 3 días 
consecutivos de extinción. Por esta razón decidimos seguir con este modelo para los 
sucesivos experimentos.  
Este modelo nos permitió analizar los efectos de un tratamiento tanto en agudo 
(día 1) como tras varios días de tratamiento (días del 1 al 3), así como observar las 
consecuencias a largo plazo del tratamiento farmacológico (día 10). Todos los animales 
recibieron un tratamiento con vehículo, no sólo durante el establecimiento y 
caracterización del protocolo de condicionamiento, sino también antes de la re-
exposición al tono a día 10. Cabe destacar que el tiempo que transcurre entre la 
administración del tratamiento y el inicio de la fase de extinción parece afectar las 
respuestas de freezing. En el caso de los tratamientos con URB597 o JZL184, los 
ratones fueron inyectados 2 horas antes de la re-exposición al tono para asegurar un 
correcto bloqueo de las enzimas de degradación de los endocannabinoides (Micale et 
al., 2013). Bajo tales circunstancias, los controles tratados con vehículo mostraron una 
marcada disminución del porcentaje de freezing a lo largo de la presentación del tono. 
Sin embargo, la respuesta observada 30 minutos después de la administración del 
tratamiento farmacológico fue la esperada inicialmente, cuando propusimos este modelo 
animal, es decir, durante la extinción la respuesta de freezing que mostraron los 
animales fue sostenida y no decayó a lo largo de la fase de extinción. Actualmente tan 
sólo podemos especular sobre las razones de esta diferencia, la cual podría involucrar la 
activación de la señalización endocannabinoide/endovaniloide. Lo que parece claro es 
que a la hora de interpretar nuestros datos debemos considerar también las diferencias 
debidas a la administración del tratamiento en la respuesta de freezing, incluso cuando 
su impacto puede parecer poco relevante. 
Actualmente se sabe que existe una relación entre el SEC y las respuestas de miedo 
condicionado. De hecho, el bloqueo de los receptores CB1, bien por métodos 
farmacológicos (Riebe et al., 2012; Plendl y Wotjak, 2010; Niyuhire et al., 2007; 
Marsicano et al., 2002), o bien por métodos genéticos (Kamprath et al., 2009) provoca 
un aumento del freezing. La respuesta de miedo sostenida observada en el presente 
estudio podría de hecho deberse a una activación insuficiente de los receptores CB1 
(Moreira y Wotjak, 2010). Alternativamente, podría asociarse también a un incremento 
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de la activación de los receptores CB2 y/o de TRPV1 ya que se ha observado que tanto 
los receptores CB2 (Tambaro y Bortolato, 2012) como TRPV1 (Moreira et al., 2012) 
promueven conductas de miedo y/o ansiogénicas. En nuestro estudio desechamos tal 
posibilidad dado que no observamos ninguna disminución de la respuesta de miedo tras 
la administración de un antagonista de TRPV1, el SB366791, mientras que el bloqueo 
del receptor CB2, empleando el antagonista AM630, causó tan sólo una ligera 
disminución del miedo a día 1, aunque sin efectos significativos los siguientes días de 
extinción (días 2 y 3). Por otro lado, la administración del agonista del receptor CB2, el 
JWH133, no produjo ningún efecto sobre la respuesta de freezing. En vista de tales 
resultados, podríamos sugerir que la aparición de la respuesta de freezing sostenida en el 
tiempo que obtenemos con el modelo animal actual se produce por una activación 
insuficiente del receptor CB1, mientras que no existe una importante contribución de los 
receptores CB2 y TRPV1. En línea con esta conclusión, el antagonista/ agonista inverso 
del receptor CB1, el SR141617, no produjo un aumento de la respuesta de miedo 
(excepto por un ligero incremento a día 2 tras el condicionamiento), lo que contrasta 
con observaciones previas utilizando intensidades de shock menores (Riebe et al., 2012; 
Plendl y Wotjak, 2010; Kamprath et al., 2006, 2009; Niyuhire et al., 2007; Marsicano et 
al., 2002). Sin embargo, y en contra de nuestras expectativas, la administración de CP, 
que como ya hemos mencionado anteriormente es un agonista del receptor CB1, no sólo 
no produjo una disminución del freezing, sino que además lo promovió. Este fue el caso 
de la mayor dosis empleada (50 μg/kg), mientras que una dosis menor (1 μg/kg) no 
afectó a la respuesta de miedo condicionado. Utilizando el campo abierto descartamos 
que el incremento del freezing fuera debido a una disminución generalizada de la 
actividad locomotora, efecto secundario conocido de los cannabinoides exógenos y que 
ya observamos previamente en el primer experimento de la presente Tesis Doctoral. 
Interesantemente, en un reciente estudio de nuestro grupo hemos descrito las 
consecuencias ansiogénicas vs ansiolíticas de exactamente estas dos mismas dosis de 
CP. En este trabajo se vio que los efectos divergentes del CP sobre la ansiedad se deben 
a la participación bien de receptores CB1 en terminales GABAérgicos o bien a los 
situados en terminales glutamatérgicos (Rey et al., 2012). Este hecho nos llevó a 
plantearnos si el incremento de la respuesta de miedo debida a un aumento de la 
activación del receptor CB1 pudiera diferir según la población neuronal que se 
encuentre implicada. Sin embargo, también puede haber ocurrido que los efectos del CP 
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sobre la respuesta de miedo puedan ser el resultado de una activación de receptores CB1 
en áreas cerebrales sin ninguna participación en la expresión de miedo condicionado, y 
por tanto, representar un efecto farmacológico secundario. Por este motivo, quisimos 
demostrar si un incremento de la activación del receptor CB1 podría aumentar la 
respuesta de freezing ante la exposición al tono también mediante la inducción de un 
aumento del tono cannabinoide, es decir mediante una aproximación más fisiológica. 
Por este motivo, manipulamos sistémicamente la disponibilidad de los dos 
endocannabinoides mejor conocidos, la AEA y el 2-AG y estudiamos las consecuencias 
de estos tratamientos sobre la expresión de miedo condicionado. A partir de ese estudio 
obtuvimos los siguientes resultados: 
1. Que el inhibidor de la recaptación de endocannabinoides AM404, pero no el 
VDM11, convirtió la respuesta de freezing sostenida en una respuesta decreciente. 
2. Que el bloqueo de la degradación de la AEA mediante la administración de 
URB597 también produjo una disminución de la expresión de miedo 
condicionado. 
3. Que, al contrario de lo que esperábamos, el bloqueo de la degradación de 2-AG, 
gracias al compuesto JZL184, promovió la expresión de miedo de una manera 
similar a lo observado tras la administración de CP. 
Ha sido descrito previamente que el URB597 provoca una disminución de la 
respuesta de miedo condicionada [Busquets-García et al., 2011; ver para revisión 
Micale et al. (2013) y Riebe et al. (2012)]. Así, se ha visto que el aumento de los 
niveles de AEA atenúa la respuesta de freezing (Gunduz-Cinar et al., 2013). En nuestro 
caso, observamos efectos a largo plazo del URB597 ya que encontramos una 
disminución del freezing 10 días después del condicionamiento, día en el que los 
animales fueron tratados con vehículo. Este efecto podría deberse a que el tratamiento 
farmacológico haya causado un aumento de la eficiencia de los procesos de extinción 
que provocara una extinción a largo plazo de la memoria de miedo a través de procesos 
de habituación y de reaprendizaje. Se ha visto que el URB597 es un inhibidor 
irreversible de la amido hidrolasa de ácidos grasos (FAAH, del inglés fatty acid amide 
hydrolase) (Kathuria et al., 2003), y la actividad de la FAAH no vuelve a restablecerse 
completamente hasta 10 días después de una única administración de AM3506, otro 
inhibidor irreversible de la FAAH (Gunduz-Cinar et al., 2013). Por tanto, no podemos 
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descartar que los efectos bioquímicos de las 3 inyecciones de URB597 (del día 1 al día 
3 tras el condicionamiento, 1 mg/kg/día) se mantengan a día 10, lo que provocaría un 
aumento de disponibilidad de AEA también durante este día, y, en consecuencia, una 
disminución del freezing, de una manera similar a lo observado durante las fases de 
extinción previas. 
La administración de AM404 provocó el mismo comportamiento que el tratamiento 
agudo de URB597 lo que sugiere que su actividad está primordialmente relacionada con 
el bloqueo de la recaptura de AEA más que de 2-AG. Esta interpretación viene apoyada 
por el hecho de que el AM404 produce un bloqueo sobre el recién descubierto 
transportador derivado de la FAAH específico para la AEA, el cual se ha visto que es 
responsable de la recaptura de AEA, pero no de 2-AG (Fu et al., 2012). Sin embargo, el 
VDM11, otro inhibidor de la recaptura de endocannabinoides que se ha observado que 
también produce un bloqueo similar al del AM404 sobre este transportador específico 
(Fu et al., 2012) no causó ningún efecto sobre la respuesta de freezing. Actualmente, no 
podemos discernir si esta discrepancia está relacionada con la dosis empleada, los 
efectos secundarios sobre la actividad locomotora o diferencias en el bloqueo de la 
recaptura de AEA frente a la de 2-AG. Lo que sí se sabe es que el AM404 produce 
también una inhibición de la recaptura de 2-AG (Wiskerke et al., 2012; Bisogno et al., 
2001; Beltramo y Piomelli, 2000), aunque mediante mecanismos aún desconocidos 
(Fowler, 2012). Los efectos opuestos del aumento de los niveles de AEA y 2-AG 
observados en el presente estudio sugieren un bloqueo de los efectos aliviadores del 
miedo frente a los que los promueven (en el caso del VDM11) o una preponderancia del 
incremento de los niveles de AEA (en el caso del AM404). Además, las consecuencias 
conductuales del AM404 podrían ser el resultado no sólo de un incremento de la 
activación del receptor CB1, sino también de una activación de TRPV1, dado que la 
AEA se une a ambos receptores (Di Marzo y De Petrocellis, 2012). En línea con este 
razonamiento, utilizamos antagonistas del receptor CB1 (SR141617) y del TRPV1 
(SB366791) antes de la administración de AM404 para conocer cuál de estos receptores 
podía encontrarse implicado en los efectos aliviadores del miedo provocados por este 
inhibidor de la recaptación. Tanto SR141617 como SB366791 bloquearon la 
disminución del freezing causada por AM404, por lo que podemos concluir que ambos 
receptores participan en la disminución de la respuesta de miedo condicionado. Esta 
observación amplía la concepción actual sobre los efectos de tipo yin-yang de los 
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receptores CB1 y TRPV1 sobre los efectos opuestos que ambos receptores tienen sobre 
las respuestas de miedo y de ansiedad (Moreira et al., 2012). Así, con el presente 
estudio demostramos que el incremento de la actividad de ambos receptores, i.e. CB1 y 
TRPV1, podría causar efectos en el mismo sentido, promoviendo, en nuestro caso, la 
disminución en agudo de las respuestas de miedo condicionado, lo cual podría también 
explicar por qué fuimos incapaces de promover una disminución de la respuesta de 
miedo tras la administración de OMDM198, otro inhibidor de la FAAH, que además 
actúa como antagonista del TRPV1 (Maione et al., 2013). 
El aumento de la respuesta de freezing provocada por el inhibidor de la 
monoacilglicerol lipasa (MAGL), el JZL184 demostraría, por primera vez, que el 
aumento de disponibilidad de 2-AG promueve la expresión de miedo condicionado. En 
estudios previos se ha observado que el JZL184 podría producir hipolocomoción, uno 
de los efectos de la tétrada cannabinoide (Long et al., 2009), y que es fácilmente 
confundible con un aumento de la inmovilidad o freezing. Sin embargo, los resultados 
obtenidos en el campo abierto tras el tratamiento de los animales con las dosis 
empleadas en el presente estudio (4 y 8 mg/kg) demuestran que este fármaco no 
produce, a las dosis seleccionadas, ninguna alteración de la actividad locomotora. Es 
posible que el JZL184 produzca una disminución de la locomoción a dosis más elevadas 
[16 mg/kg, Long et al. (2009)] que las empleadas en el presente trabajo. Esto mismo 
podría explicar por qué no conseguimos observar el desarrollo de tolerancia al 
tratamiento farmacológico tal como ha sido descrita en trabajos previos [40 mg/kg/día 
durante 6 días; Schlosburg et al. (2010)], lo que coincide con el estudio de Busquets-
García et al. (2011) en el que emplearon una dosis de 8 mg/kg/día durante 6 días 
seguidos. En nuestro estudio, el tratamiento con 4 mg/kg/día durante 3 días 
consecutivos con JZL184 provocó una alteración de la respuesta de miedo incluso 
durante el tercer día de tratamiento. De hecho, los efectos del JZL184 fueron incluso 
más pronunciados tras la repetición del tratamiento. Es tentador asociar tales efectos con 
el incremento de la síntesis de 2-AG que ha sido observado tras la exposición repetida a 
un factor estresante homotípico (Hill et al., 2010; Patel et al., 2005). De acuerdo con 
esto, la acción del JZL184 sería aún más efectiva en situaciones en las que la síntesis de 
2-AG se encuentre aumentada. El incremento de la respuesta de miedo provocada por el 
JZL184 parece estar en contradicción con sus consecuencias ansiolíticas (Aliczki et al., 
2013; Almeida-Santos et al., 2013; Busquets-García et al., 2011; Kinsey et al., 2011; 
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Sciolino et al., 2011). Aparentemente, el 2-AG afecta de manera distinta a la expresión 
aguda de miedo condicionado y a la ansiedad en pruebas conductuales de ansiedad 
basadas en la exploración. Así, los efectos ansiolíticos del JZL184 han sido descritos 
para dosis a partir de 8 mg/kg, mientras que los efectos más destacados sobre la 
conducta de miedo se observaron con una dosis de 4 mg/kg. Además, los efectos 
ansiolíticos del 2-AG parecen estar mediados, al menos en parte, por receptores CB2 
(Almeida-Santos et al., 2013; Busquets-García et al., 2011), mientras que los efectos 
sobre el miedo dependieron de la activación de los receptores CB1 y TRPV1. 
Por último, nos quedaba pendiente conocer cuáles son los mecanismos implicados 
en la promoción de la conducta de miedo provocada por el 2-AG. Para contestar a esta 
pregunta empleamos ratones con mutaciones condicionales en las que la expresión del 
receptor CB1 se encuentra bloqueada bien en neuronas glutamatérgicas corticales (Glu-
CB1-KO) o bien en neuronas GABAérgicas del prosencéfalo (GABA-CB1-KO). Los 
análisis conductuales de los mutantes knock-out (KO) tratados con vehículo y de los 
controles salvajes o wild-type confirmaron lo que había sido descrito previamente: un 
aumento del miedo condicionado en los animales Glu-CB1-KO (Metna-Laurent et al., 
2012; Kamprath et al., 2009) y una disminución en los animales GABA-CB1-KO 
(Metna-Laurent et al., 2012). Este resultado demostraría que los endocannabinoides 
producen una disminución de las respuestas de miedo a través de los receptores CB1 en 
terminales glutamatérgicos, mientras que promueven la expresión del miedo a través de 
los receptores CB1 en neuronas GABAérgicas. Este efecto yin-yang de la acción de los 
endocannabinoides sobre el miedo condicionado en ambas poblaciones neuronales ha 
sido descrito también para la ansiedad (Rey et al., 2012) las conductas de búsqueda de 
la novedad (Lafenêtre et al., 2009), la ingesta de alimentos (Bellocchio et al., 2011) y el 
aprendizaje por aversión (Metna-Laurent et al., 2012). En línea con los resultados que 
sugieren que el aumento de la respuesta de miedo estaría mediada por receptores CB1 
en neuronas GABAérgicas, el incremento de la respuesta de freezing provocada por el 
aumento de los niveles de 2-AG fue completamente abolido en los animales GABA-
CB1-KO. También observamos una ausencia de efectos del JZL184 en los animales 
Glu-CB1-KO; sin embargo, este dato es poco concluyente dado que estos animales 
presentaron unos niveles de freezing, cuando fueron tratados sólo con vehículo, ya de 
por sí muy elevados, lo que podría ocultar un aumento del incremento de la respuesta de 
miedo condicionado. Estudios tanto histológicos como electrofisiológicos demuestran la 
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participación del 2-AG en la regulación de la transmisión GABAérgica como mensajero 
retrógrado (Luchicchi y Pistis, 2012; Alger y Kim, 2011; di Marzo, 2011). Por ejemplo, 
es conocida la existencia de MAGL, pero no de FAAH, en neuronas inhibitorias 
(Uchigashima et al., 2011; Gulyas et al., 2004). También sabemos que no se produce 
desporalización inducida por supresión de la inhibición (DSI, del inglés Depolarization-
induced Suppression of Inhibition) si la síntesis de 2-AG se ve abolida mediante 
técnicas genéticas (Yoshino et al., 2011; Gao et al., 2010; Tanimura et al., 2010), y al 
contrario, un incremento de los niveles de 2-AG provocado por una atenuación tanto 
farmacológica como genética de los procesos de degradación produce una DSI 
persistente (Pan et al., 2011; Hashimotodani et al., 2007; Kim y Alger, 2004). 
Para concluir, podemos resumir los hallazgos del presente estudio mediante el 
siguiente escenario hipotético: los endocannabinoides ejercerían un control 
bidireccional de las respuestas agudas de miedo. Por un lado, la disminución de las 
respuestas de miedo se produce a través de la AEA, que provoca una regulación aguda a 
la baja de la transmisión glutamatérgica (Riebe et al., 2012). La síntesis y liberación de 
AEA parece depender del grado de aversión de la situación. Una disminución de los 
niveles de AEA provocaría la llegada de glutamato a zonas externas a la hendidura 
sináptica debido a una excesiva liberación de este neurotransmisor, donde se uniría y 
activaría receptores metabotrópicos de glutamato expresados en zonas extrasinápticas 
(Hill et al., 2010; Moreira y Wotjak, 2010; Katona y Freund, 2008) que provocarían un 
incremento de la conducta de miedo. En situaciones altamente aversivas, los efectos 
aliviadores del miedo de la AEA se encontrarían limitados por procesos de recaptación 
y degradación, que restringirían la biodisponibilidad del endocannabinoide. De esta 
manera, inhibidores del transportador derivado de la FAAH, como por ejemplo el 
AM404, o de la enzima FAAH, como el URB597, promoverían un alivio sintomático 
agudo del miedo, particularmente ante situaciones con un grado de aversión 
extremadamente elevado. Este proceso incluiría la activación tanto de receptores CB1 
como de TRPV1. Por otro lado, el bloqueo de la MAGL mediante el JZL184 aumenta 
los niveles de 2-AG, el cual se uniría preferencialmente a receptores CB1 situados en 
neuronas GABAérgicas. La reducción resultante del tono inhibitorio causaría un 
incremento de la respuesta de miedo (Heldt et al., 2012). Sorprendentemente, el bloqueo 
farmacológico del receptor CB1, que cabría esperar que impidiera el incremento de la 
respuesta de miedo promovido por la señalización de 2-AG, no produce un alivio del 
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miedo. Para explicar este aparente rompecabezas podríamos hipotetizar que el 2-AG es 
sintetizado  predominantemente en las espinas dendríticas de sinapsis excitatorias 
(Uchigashima et al., 2011; Suárez et al., 2011; Yoshida et al., 2006). El férreo control al 
que estaría sometida la señalización del 2-AG, mediante rápidos procesos de recaptura y 
degradación realizados en los terminales presinápticos proximales, prevendría la 
difusión del 2-AG a receptores CB1 expresados en neuronas GABAérgicas distantes 
(por ejemplo, en el caso de una señalización heterosináptica). La inhibición de la 
degradación de 2-AG permitiría la difusión de este ligando cannabinoide a sinapsis 
GABAérgicas, donde ahora sí podría ejercer sus efectos sobre el miedo condicionado, 
en este caso, promoviéndolo, lo cual anularía los posibles efectos aliviadores del miedo 
de las sinapsis glutamatérgicas. De acuerdo con tal escenario, las consecuencias de la 
promoción del miedo por parte de las neuronas GABAérgicas prevalecen si el agonista 
del receptor CB1 es administrado directamente. El modelo hipotético que planteamos, 
sería en todo caso aplicable a la regulación de la respuesta de freezing, que es la que 
hemos evaluado en nuestros experimentos. Sería interesante investigar también la 
posibilidad de que este modelo pudiera así mismo aplicarse a otras respuestas de miedo 
tales como cambios en los estados vegetativos o en las conductas de huida.  
Los mecanismos de acción del 2-AG frente a la AEA distan todavía de ser del todo 
comprendidos, así como las estructuras clave de su acción. Sin embargo, el presente 
estudio nos sugiere algunas ideas al respecto que deberían ser analizadas más en 
profundidad en estudios futuros en el contexto de potenciales aplicaciones terapéuticas 
mediante la manipulación farmacológica del SEC.  
- Primero, el uso de agonistas del receptor CB1 conlleva el riesgo de promover, 
más que de aliviar, las respuestas asociadas al miedo. 
- Segundo, los endocannabinoides parecen estar implicados diferencialmente en la 
regulación del miedo.  Nuestros resultados sugieren que la AEA podría inhibir 
conductas asociadas al miedo a través de los receptores de CB1 expresados en 
neuronas glutamatérgicas, mientras que el 2-AG podría promover el freezing a 
través de los receptores CB1 de los terminales GABAérgicos. En consecuencia, se 
debería prestar atención a la hora de incrementar selectivamente los niveles de 
endocannabinoides, y quizá sería conveniente aumentar los de AEA sin modificar 
los de 2-AG. Esto supone un gran reto dadas las múltiples interacciones que 
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existen entre la AEA y el 2-AG [ver como ejemplo di Marzo (2011) y Maccarrone 
et al. (2008)].  
- El incremento farmacológico de los niveles de AEA podría ser de gran interés 
para el tratamiento de trastornos psiquiátricos asociados a un miedo exagerado, 
tales como las fobias, trastorno de pánico y PTSD. La asociación entre 
polimorfismos genéticos en loci que codifican la FAAH y el CNR1 (genes de la 
FAAH y el receptor CB1 respectivamente) y un miedo sostenido y la prevalencia 
de PTSD en seres humanos [Gunduz-Cinar et al., 2013; Heitland et al., 2012; 
Pardini et al., 2012; Hairi et al., 2009; ver como revisión Hillard et al. (2012)] 
resaltan el valor translacional de los descubrimientos preclínicos y por tanto, la 
idoneidad de tal enfoque.  
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4. COMENTARIOS FINALES 
 
Los modelos animales utilizados en este estudio nos han permitido la obtención 
de resultados que indican que experiencias estresantes durante la infancia y/o el 
consumo de cannabis durante la edad adolescente pueden producir efectos a largo plazo 
en comportamientos cognitivos y emocionales, así como en lo relativo a factores 
neuroendocrinos. De manera conjunta, nuestros resultados sugieren que tanto la SM 
como el tratamiento adolescente con un agonista cannabinoide podrían aumentar la 
vulnerabilidad a desarrollar tanto sintomatología psiquiátrica como consumo de otras 
drogas de abuso y producir además cambios metabólicos. Los datos apoyan la idea de 
que los astrocitos y los receptores CB1 son dianas cruciales para los efectos a largo 
plazo tanto de un estrés en etapas tempranas de la vida como del consumo de cannabis 
durante la adolescencia, y alientan a seguir investigando sobre el significado 
patofisiológico de la afectación de células gliales cruciales en su interacción con las 
neuronas para la homeostasis cerebral. Los endocannabinoides promueven la 
diferenciación astroglial a través de la activación de los receptores CB1 (Aguado et al., 
2006) y median en la comunicación neurona-astrocito (Navarrete y Araque, 2008). 
Nuestros resultados enfatizan la importancia funcional de los astrocitos y su interacción 
con el SEC en relación a las consecuencias a largo plazo de la exposición adolescente al 
cannabis. 
Los presentes datos demuestran por primera vez que la SM produce alteraciones 
conductuales y neuroquímicas sexo-dependientes en ratas adolescentes tratadas con 
MDMA, siendo los machos más sensibles a la SM que las hembras. La SM alteró la 
CPP producida por MDMA en machos adolescentes, lo que podría, al menos 
parcialmente, relacionarse las alteraciones observadas en el funcionamiento de sus 
sistemas serotoninérgico y endocannabinoide. Estos resultados apoyan la hipótesis de 
que la exposición a factores estresantes en etapas tempranas de la vida produce cambios 
a largo plazo en la vulnerabilidad a la adicción en humanos. Alteraciones en el sistema 
de recompensa durante la adolescencia pueden tener consecuencias significativas en 
términos de consumo de drogas y el subsiguiente desarrollo de la adicción, dado que los 
sujetos que exhiben unos menores niveles de gratificación en condiciones basales o tras 
el consumo de la droga podrían aumentar su consumo para poder percibir sus efectos 
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gratificantes (Leventhal et al., 2010; Bruijnzeel et al., 2004). Es más, el consumo de 
drogas durante la adolescencia ha sido repetidamente asociado con un aumento de la 
vulnerabilidad a desarrollar adicción a drogas (Crews et al., 2007; Chambers et al., 
2003). El género y los retos a los que un individuo se haya tenido que enfrentar durante 
etapas tempranas de la vida son factores que pueden modificar el grado en el que la 
MDMA produce efectos gratificantes y produce dependencia, y deberían ser tenidos en 
consideración al tratar individuos que hayan desarrollado algún trastorno relacionado 
con esta y otras drogas. 
Nuestros datos apoyan la evidencia de cambios en la expresión y en la 
funcionalidad del receptor CB1 cerebral y en la expresión del receptor CB2 en tejido 
inmune como consecuencia de un estrés en etapas tempranas del desarrollo y de la 
exposición adolescente a cocaína al igual que interacciones funcionales entre ambas 
manipulaciones. Es a nuestro juicio interesante señalar aquí que también en el estudio 
de los efectos de la combinación de la SM con un tratamiento con el agonista 
cannabinoide se observaron interacciones entre ambos tratamientos, por ejemplo, los 
animales macho que recibieron los dos tratamientos mostraron una cierta 
“normalización” de la expresión de CB1 en el hipocampo. Es más, también en el 
estudio sobre la influencia de la SM en los efectos de la MDMA los datos sugieren 
(aunque en ese caso de forma indirecta) interacciones funcionales entre ambos 
tratamientos. Por tanto, todos los datos indican que, efectivamente, al menos para 
ciertos parámetros de los que hemos estudiado y particularmente en los que se refiere al 
SEC, la SM interacciona con diferentes drogas de abuso tanto cannabinoides como no 
cannabinoides. En un sentido más amplio podemos interpretar que la exposición a un 
evento estresante durante edades tempranas de la vida puede potencialmente modular 
los efectos de la exposición a drogas de abuso durante la adolescencia. 
Estudios previos en animales de experimentación han sugerido que la 
administración aguda de THC y de MDMA producen alteraciones fisiológicas y 
conductuales opuestas  y que su consumo combinado podría revertir tales efectos 
deletéreos. Sin embargo, cuando se consumen crónicamente, sus efectos negativos 
pueden incluso llegar a ser aditivos (Parrott et al., 2007). El modelo animal empleado en 
este estudio nos ha permitido mostrar los efectos a largo plazo de ambas drogas 
administradas crónicamente, bien de manera separada o en combinación, en lo que 
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estimamos que es un modelo más apropiado en relación a los hábitos más comunes de 
consumo que se observan en los adolescentes en la actualidad. Los presentes resultados 
señalan que la aparente compensación de efectos en algunos de los parámetros 
estudiados sólo ocurre poco después de la primera exposición a las drogas (temperatura 
corporal) mientras que en otros parámetros la combinación de ambas drogas provoca 
efectos deletéreos mucho más pronunciados (peso corporal y la PPI). Es importante, por 
tanto, llevar a cabo este tipo de estudios crónicos que se asemejan más a los hábitos de 
consumo de los adolescentes que los estudios de administración aguda ya que pueden 
proporcionar una imagen mucho más aproximada de los efectos negativos del 
policonsumo, particularmente en lo referente al THC y la MDMA A pesar de que una 
exposición combinada inicial puede producir algún tipo de equilibrio de los efectos 
deletéreos de una de las drogas, parece quedar bien claro que, a largo plazo y tras una 
exposición repetida, las consecuencias pueden ser exactamente las contrarias, es decir, 
potenciación de efectos deletéreos. La administración durante la adolescencia de THC 
y/o MDMA produjo también alteraciones a largo plazo sobre parámetros relacionados 
con la neuroinflamación y sobre los sistemas serotoninérgico y endocannabinoide. En 
este caso, los efectos más perjudiciales de la combinación de ambas drogas se reflejó 
especialmente en los efectos sobre el receptor CB1 cannabinoide 
Otra aportación novedosa de esta Tesis Doctoral, desde el punto de vista 
metodológico ha sido la puesta a punto y caracterización de un modelo animal de miedo 
cuya respuesta de freezing, o respuesta conductual al miedo, no declinara tras varios 
días de extinción. Este condicionamiento nos permitió testar a los animales durante un 
periodo lo suficientemente amplio como para analizar el efecto de tratamientos 
farmacológicos crónicos sobre los procesos de extinción. Respecto a la participación del 
SEC en el proceso de extinción de la respuesta de miedo, nuestros resultados 
demuestran por vez primera que el aumento selectivo 2-AG promueve la expresión de 
respuestas de miedo pasivas a través de los receptores CB1 situados en neuronas 
GABAérgicas. Estos resultados nos llevan a sugerir que para el tratamiento de 
trastornos psiquiátricos tales como las fobias, el PTSD o la adicción a drogas no se 
deberían emplear potenciadores no selectivos de los niveles de endocannabinoides. Es 
más, nuestros datos demuestran un efecto yin-yang de los receptores CB1, que en 
neuronas GABAérgicas promueven el miedo, mientras que en las glutamatérgicas 
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alivian esta emoción. Por último, encontramos que el uso del inhibidor de la recaptación 
de endocannabinoides AM404 parece evitar los efectos de un aumento de los niveles de 
endocannabinoides en neuronas GABAérgicas, mediante un mecanismo dependiente de 
los receptores CB1 y TRPV1. 
En general, los resultados en esta Tesis Doctoral revelan la existencia de un gran 
número de diferencias sexuales tanto entre los animales controles como en lo que se 
refiere a los efectos de los tratamientos. Estos dimorfismos son al menos parcialmente 
atribuibles directa o indirectamente, a los efectos organizacionales de las hormonas 
gonadales perinatales durante el periodo crítico de diferenciación sexual del cerebro 
(McLusky y Naftolin, 1981) y/o a los efectos organizacionales y activacionales durante 
el periodo periadolescente (Viveros et al., 2011, 2012b), aunque no pueden descartarse 
factores farmacocinéticos.  En todo caso, el sexo, o el género, es un factor crítico que 
debe ser tenido en cuenta dado que, como muestran los resultados de esta Tesis 
Doctoral, la naturaleza y la intensidad de los efectos de los diversos tratamientos (ya 
sean farmacológicos o ambientales) dependen claramente del sexo de los individuos. 
Una mejor comprensión de los mecanismos que subyacen a la influencia 
neuromoduladora del factor sexo sobre los efectos de las drogas de abuso facilitará el 
desarrollo de nuevas estrategias preventivas y terapéuticas específicas para cada sexo. 
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A partir de los resultados obtenidos en la presente Tesis Doctoral, pueden extraerse las 
siguientes conclusiones: 
 
1. Un único episodio de separación materna neonatal (24 horas el día postnatal 9) 
empleado como modelo animal de estrés en etapas tempranas de la vida, y un 
tratamiento crónico adolescente con un agonista cannabinoide (un modelo de 
consumo adolescente de cannabis) causaron efectos deletéreos a largo plazo 
dependientes del sexo y observables en edad adulta. En los machos, la separación 
materna redujo la respuesta de ansiedad en el laberinto en cruz elevado, lo que 
sugiere un incremento de impulsividad, mientras que la exposición adolescente al 
agonista cannabinoide no produjo efectos conductuales en las pruebas utilizadas, 
aunque sí incrementó la respuesta adrenocortical a un factor estresante de grado 
medio. En las hembras, la separación materna no causó efectos significativos en los 
parámetros analizados, mientras que la exposición adolescente al cannabinoide 
promovió la aparición de conductas asociadas a la búsqueda de novedad en el tablero 
con agujeros, y disminuyó la capacidad de atención en el test de la inhibición 
prepulso de la respuesta de sobresalto. En su conjunto, los presentes resultados 
sugieren que un estrés en etapas tempranas del desarrollo y el consumo de cannabis 
durante la adolescencia podrían incrementar la vulnerabilidad a desarrollar ciertos 
trastornos psiquiátricos tales como psicosis y abuso de drogas de una manera 
dependiente del sexo. 
 
2. En cuanto al análisis inmunohistoquímico de estos animales, en los machos la 
separación materna causó un aumento significativo del número de células GFAP 
positivas en el hipocampo y, en ciertas regiones, el tratamiento crónico con el 
agonista cannabinoide tendió a contrarrestar este efecto. Además, el tratamiento con 
el cannabinoide produjo, en machos control no separados, un aumento significativo 
del número de células GFAP positivas en la capa polimórfica del giro dentado. Los 
resultados expuestos indican que los machos fueron más vulnerables que las hembras 
a los efectos de la separación materna y un tratamiento juvenil con un agonista 
cannabinoide sobre los astrocitos hipocampales. En lo referente a los receptores 
cannabinoides CB1, la separación materna causó una disminución de la expresión de 
este receptor en ambos sexos, mientras que el tratamiento crónico con el agonista 
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cannabinoide produjo en los machos control no separados una disminución general 
de la inmunorreactividad por el receptor CB1 en el hipocampo. Los animales macho 
que recibieron ambos tratamientos exhibieron cierta “normalización” en la expresión 
de los receptores CB1, lo que indica la existencia de interacciones funcionales entre 
la separación materna neonatal y la exposición adolescente a un agonista 
cannabinoide. Los datos apoyan la idea de que los astrocitos y los receptores CB1 
son dianas cruciales para los efectos a largo plazo tanto de un estrés en etapas 
tempranas y del consumo de cannabis durante la adolescencia, e incentiva futuros 
experimentos sobre el significado patofisiológico de tales fenómenos. 
 
3. La separación materna causó una disminución de los efectos reforzantes de la 
MDMA en el test de la preferencia condicionada de lugar, tan sólo en las ratas 
macho, efecto que podría deberse a las alteraciones en los sistemas serotoninérgico y 
endocannabinoide observadas en estos animales. De hecho, los machos separados 
tratados con MDMA exhibieron unos niveles más bajos de serotonina en el estriado y 
en el córtex y una mayor expresión de receptores CB1 hipocampales que los machos 
control no separados. 
 
4. Tanto la separación materna como un tratamiento crónico con cocaína durante la 
adolescencia (modelo de consumo adolescente de cocaína) causaron alteraciones a 
largo plazo, sexo y región dependientes, en la densidad y la funcionalidad de los 
receptores CB1 cerebrales. Además, las alteraciones provocadas sobre los receptores 
CB1 por la administración de cocaína durante la adolescencia fueron 
diferencialmente influenciadas por el modelo de estrés en etapas tempranas del 
desarrollo. La separación materna produjo un aumento de la expresión de receptores 
CB2 en el bazo, mientras que la administración adolescente de cocaína atenuó este 
efecto; la exposición juvenil a cocaína también causó una disminución de la 
expresión de receptores CB2 en la médula ósea. Los presentes resultados demuestran 
la existencia de interacciones entre ambos desafíos. 
 
5. En un modelo animal de consumo adolescente de cannabis y éxtasis, la exposición a 
THC indujo una alteración de la memoria evaluada mediante el test de 
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reconocimiento de objetos en los animales hembra adultos, pero no en los machos. 
En el test de la inhibición prepulso de la respuesta de sobresalto, los animales 
tratados con MDMA mostraron una menor intensidad de inhibición prepulso cuando 
se les presentó el prepulso más intenso (80 dB), mientras que la combinación con 
THC causó una disminución similar a una intensidad de prepulso de 75 dB.  
 
6. El THC causó una disminución de la expresión hipocampal de Arc en ambos sexos, 
mientras que en el córtex frontal esta reducción sólo pudo ser apreciada en las 
hembras. La MDMA produjo una disminución de la inmunorreactividad por pERK 
1/2 en el córtex frontal de los machos, pero no en el de las hembras, y el THC 
disminuyó los niveles de ARNm para la prepro-orexina en el hipotálamo de los 
machos, aunque este efecto se vio revertido cuando los animales también fueron 
tratados con MDMA.  
 
7. En lo que respecta a los efectos de estos tratamientos sobre parámetros de 
neuroinflamación y neurotoxicidad, el THC aumentó significativamente el área 
teñida con GFAP en ambos sexos. En machos, ambas drogas, bien por separado o en 
combinación, produjeron un incremento significativo del porcentaje de células 
microgliales reactivas (Iba-1). En cambio, en las hembras, cada droga, cuando fue 
administrada por separado, produjo una disminución significativa de este porcentaje, 
mientras que la combinación de ambas resultó en una “normalización” a valores de 
los animales control. En los machos la MDMA redujo el número de fibras SERT 
positivas, el THC causó el efecto opuesto y el grupo que recibió ambos tratamientos 
no mostró diferencias significativas con el grupo control. En las hembras, la MDMA 
redujo el número de fibras SERT positivas y la combinación de THC y MDMA 
revirtió este efecto. El THC produjo una disminución significativa del receptor 
cannabinoide CB1 en las hembras, efecto que se vio agravado por su combinación 
con la MDMA.  
 
8. El modelo animal utilizado en este estudio, que mimetiza los hábitos de consumo de 
cannabis y éxtasis por parte de los adolescentes en la actualidad, nos proporciona una 
imagen más exacta de las consecuencias deletéreas del policonsumo que los 
experimentos con tratamientos agudos. Mientras que algunos de los efectos 
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perjudiciales de una de las drogas puede verse revertido por el uso de la otra tras una 
exposición inicial, como muestran nuestros datos respecto a la temperatura corporal, 
tras una exposición repetida, las consecuencias a largo plazo podrían ser exactamente 
las opuestas, dado que en varios de los parámetros analizados los animales sometidos 
a ambas drogas fueron los más afectados.  
 
9. A pesar de que la activación de los receptores CB1 provoca efectos aliviadores del 
miedo, el uso de agonistas exógenos del receptor CB1 puede tener el riesgo de 
promover más que de aliviar las respuestas de miedo. 
 
10. Los endocannabinoides se encuentran diferencialmente involucrados en la 
regulación del miedo, siendo la anandamida la que inhibe las respuestas de miedo a 
través de los receptores CB1 localizados en neuronas glutamatérgicas y el 2-AG el 
responsable de promover el miedo a través de los receptores CB1 expresados en 
terminales GABAérgicos. En consecuencia, el incremento farmacológico selectivo 
de los niveles de anandamida, sin alteraciones en los niveles de 2-AG, podría 
suponer un potencial adyuvante durante las sesiones de extinción de miedo para el 
tratamiento de fobias, trastornos de pánico y trastorno por estrés postraumático. 
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Title of the Doctoral Thesis: “Animal models for the study of vulnerability factors in 
the context of neuropsychiatric disorders and drug addiction” 
 
There are critical periods during development, when an organism, or more 
particularly its brain, is going through important and radical developmental processes 
and when certain environmental and pharmacological insults can induce long-term 
neuroendocrine and behavioral changes. For instance, parent neglect or separation, 
social stress, physical or sexual abuse, or drug use in these critical phases may lead to 
the appearance of developmental alterations in diverse neurobiological systems which 
can promote long-term structural and functional alterations in the brain of animals, 
including humans. One critical period in which we have focused in this Thesis is the 
early neonatal period, and in order to analyze it as a period of vulnerability we have 
chosen the maternal deprivation (MD) procedure as a model of early life stress. In 
particular, we have chosen a specific MD model that has been well characterized by our 
group during the last years. It consists in removing mothers from their pups during 24 
hours at postnatal day (PD) 9. In contrast with several other animal models of early life 
stress, there is barely information about the possible modulation that this particular 
procedure may exert on the long-term effects induced by chronic consumption of drugs 
of abuse. 
Drug use and abuse usually starts during the periadolescent period due, among 
other factors, to the emotional changes that overwhelm the adolescent brain and the 
“typical” behaviors that are found during this stage of life, such as novelty seeking, 
increase of risk-taking behaviors or a higher impulsivity. Maturational and 
reorganization processes are taken place during adolescence in most neurotransmitter 
and neuromodulatory systems as well as diverse endocrine systems, and data from 
experimental studies support the idea that this developmental stage represents another 
“window of vulnerability”. In fact, the onset of certain neuropsychiatric disorders such 
as schizophrenia or bipolar disorders and addiction takes places during the adolescent 
and early adulthood periods. 
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Drug addiction is a persistent state characterized by a compulsive behavior to 
seek and use the drug, a loss of control over drug taking, even when its consumption 
can induce several adverse effects and a negative emotional symptomatology when 
access to the drug is prevented. The dopaminergic system is thoroughly involved in the 
development of drug addiction, since most of the drugs induce an extracellular increase 
of dopamine in the nucleus accumbens; however, there is evidence for the involvement 
of other neurotransmitter systems such as the serotoninergic, GABAergic, opioid and 
glutamatergic systems. Furthermore, in the last years, several studies have reported an 
important participation of the endocannabinoid system (ECS) in the acquisition and 
maintenance of drug abuse behaviors. 
The ECS is involved in a great deal of physiological processes such as motor 
control, analgesia, learning and memory, emotional homeostasis, regulation of the 
immune system, feeding and energy balance. Regarding its involvement in drug 
dependence and addiction, experimental studies have shown that genetic or 
pharmacological modulation of the ECS can induce alterations in the rewarding effects 
of drugs, and, in turn, diverse drugs of abuse, not only cannabinoids, can trigger 
noticeable changes in the ECS, i.e. alterations in the level of endocannabinoids or in the 
expression and/or activity of cannabinoid receptors. 
 One of the best known problems for the treatment of drug addiction is relapse. 
Susceptibility to drug relapse is intimately associated with stress and/or a high level of 
anxiety, negative emotional states which can persist for many months or years during 
abstinence. Anxiety under stressful circumstances contributes to the evocation of 
aversive or fearful memories which are also involved in relapse to drug taking behavior 
and, hence, drug consumption habits. In this respect, it has been shown that the ECS 
plays an important role in memory extinction processes, which makes it a potential 
therapeutic target to increase the efficiency of extinction therapy for addiction. 
Nevertheless, animal models of memory extinction show an important limitation, since 
chronic treatments cannot be tested on them. 
The first objective of this Doctoral Thesis was to find possible interactions 
between the effects of an early life stress, using MD as animal model, and chronic 
consumption of drugs during the adolescent period, and their relationship with 
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neuropsychiatric disorders, including addiction. For this reason, we performed three 
experiments where we used the drugs of abuse that have been reported to be the most 
abused by adolescent humans, namely, cannabis, cocaine and ecstasy.  
 In the first experiment, we submitted male and female animals to MD (24 hours 
at PD 9) and to a chronic adolescent treatment with the cannabinoid agonist CP-55,940 
(CP; 0.4 mg/kg; PD 28–42) to mimic cannabis consumption during adolescence. The 
behavioral and physiological responses to both treatments were evaluated at adulthood. 
We tested them in the prepulse inhibition (PPI) of the startle response and analyzed 
their exploratory activity (holeboard, HB) and anxiety (elevated plus maze, EPM). In 
addition, we evaluated their adrenocortical reactivity in response to stress and plasma 
leptin levels. Maternal behavior was measured before and after deprivation. In our 
hands, MD resulted in enhanced maternal behavior after reuniting the pups with the 
dam. In adulthood, MD seemed to reduce anxiety or enhance risk-taking behaviors in 
males whereas adolescent exposure to cannabinoids had no major behavioral effects but 
did increase hypothalamic-pituitary-adrenal (HPA) axis responsiveness to intermediate 
intensity stressors. In females, adolescent cannabinoid exposure appeared to promote 
novelty-seeking behaviors and decreased attentional capabilities in the adulthood. 
Novelty-seeking and risk-taking personality traits may increase the probability to self-
administer diverse drugs of abuse. Collectively, these results suggest that MD and an 
adolescent cannabinoid treatment may increase vulnerability to develop certain 
psychiatric disorders such as psychosis and substance abuse. 
 The immunohistochemical study of the hippocampus of these animals showed 
that in males MD induced a significant increase in the number of glial fibrillary acidic 
protein (GFAP) positive cells in CA1 and CA3 areas and in the polymorphic layer of 
the dentate gyrus (DG). In these latter two regions CP treatment tended to counteract the 
effect of MD. The treatment with CP induced, in control non-deprived males, a 
significant increase in the number of GFAP+ cells in the polymorphic layer of the DG. 
As a whole, these results suggest that males were more vulnerable than females to the 
effects of MD and juvenile cannabinoid treatment on hippocampal astrocytes. As for 
CB1 cannabinoid receptors, MD induced a decrease in CB1 receptor expression in both 
males and females. Adolescent cannabinoid exposure induced in non deprived males a 
general decrease in CB1 receptor immunoreactivity that was most marked in CA1 and 
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in the polymorphic layer of the DG. In contrast, non-deprived CP-treated females 
tended to have increased hippocampal CB1 receptor immunoreactivity. Male animals 
receiving the two treatments showed a certain “normalization” of hippocampal CB1 
receptor expression, indicating functional interactions between neonatal MD and 
adolescent cannabinoid exposure. As for the brain-derived neurotrophic factor (BDNF) 
this interaction was also observed since the trend of CP treatment to decrease BDNF 
was counteracted by MD. The present results further highlight the potential functional 
importance of astrocytes and its interaction with the ECS in relation to long-term 
consequences of adolescent cannabis exposure. 
 In the next experiment, we used the conditioned place preference (CPP) 
paradigm to address the influence of MD on the rewarding effects of 3,4-
methylenedioxymetamphetamine (MDMA) in adolescent animals of both sexes. The 
animals were conditioned with 2.5 mg/kg MDMA during the periadolescent period (PD 
34-43) and were sacrificed between PD 68 and75. Our results demonstrate for the first 
time that MD reduces the rewarding effects of MDMA in a sex-dependent manner, an 
effect that might be related with the observed alterations in the serotonergic and 
cannabinoid systems. In fact, a reduction in striatal and cortical serotonin levels and an 
increased expression of hippocampal CB1 receptors were observed in MDMA-treated 
MD males. 
 Finally, we investigated the consequences of MD and/or adolescent cocaine 
exposure in brain CB1 receptors and CB2 receptors in immune tissues. Control and 
maternally deprived male and female Wistar rats were administered cocaine (8 
mg/kg/day) or saline during adolescence (PD 28–42). At adulthood, [3H]-CP-55,940 
autoradiographic binding was employed for the analysis of CB1 receptor density and 
CP-55,940-stimulated [35S]-GTPgammaS binding for CB1 receptor functionality; CB2 
receptor expression was analyzed by Western blotting.  Sex differences in CB1 receptor 
expression and functionality were found, and MD induced important and enduring sex-
dependent changes. In addition, the plastic changes induced by adolescent cocaine 
administration in brain CB1 receptors were differentially influenced by early life events. 
MD increased spleen CB2 receptor expression while adolescent cocaine administration 
attenuated this effect; cocaine exposure also diminished CB2 receptor expression in 
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bone marrow. Present findings provide evidence for functional interactions between 
both challenges. In many regions, the observed effects were sexually dimorphic. 
 Our second goal in this Doctoral Thesis was to study the long-term effects of the 
combined consumption of cannabis and ecstasy during adolescence. For this purpose we 
treated adolescent male and female Wistar rats with increasing doses of ∆9-
tetrahydrocannabinol (THC; 2.5, 5, 10 mg/kg; i.p.) between PD 28 and 45 and/or 
MDMA (two daily doses of 10 mg/kg every 5 days; s.c.), from PD 30 to 45. We found 
that MDMA induced, in both sexes, a reduction in directed exploration in the HB and 
increased exploration of the open-arms of the EPM one day after the end of the 
pharmacological treatment (PD 46). In the long-term, a disruption in cognitive function 
was observed due to the THC treatment in female but not male rats in the novel object 
test (NOT). In the PPI, MDMA-treated male and female animals showed a decreased 
percentage of PPI at the highest intensity of prepulse studied (80 dB), whereas its 
combination with THC induced a similar decrease at 75 dB. THC decreased 
hippocampal expression of activity-regulated cytoskeleton-associated protein (Arc) in 
both sexes while in the frontal cortex this reduction was only found in females. 
Regarding extracellular signal-regulated kinases (ERK) immunoreactivity, MDMA 
induced a down-regulation in the frontal cortex of male but not female animals. In the 
hypothalamus THC decreased prepro-orexin mRNA levels in males and this effect was 
prevented in animals receiving both drugs. Previous data have suggested that acute THC 
and MDMA administration may have opposite effects in animals. However, the animal 
model used in this study mimics the current habits of human adolescence consumption 
and can provide a more reliable picture of the detrimental consequences of polydrug 
abuse than acute experiments, particularly regarding THC and MDMA that are co-
abused with a very high frequency among adolescents. Whereas some apparent 
counterbalance of the detrimental effects of one of the two drugs may occur during an 
initial exposure, such as body temperature; after repeated exposure the long-term 
consequences seem to be exactly the opposite, i.e. the animals receiving both drugs are 
the most markedly affected. 
 When we studied the effect of both treatments on neuroinflammation (glial cells) 
and serotoninergic and cannabinoid systems we found that THC significantly increased 
GFAP stained area in both sexes. In males, both drugs either separately or in 
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combination induced a significant increase of the percentage of reactive microglia cells 
(Iba-1). In contrast, in females, each drug, when administered alone, produced a 
significant decrease of this percentage, whereas the combination of both drugs resulted 
in a “normalization” to control values. In males, MDMA reduced the number of 
serotonin transporter positive (SERT+) fibres, THC induced the opposite effect and the 
group receiving both drugs did not significantly differ from the controls. In females, 
MDMA reduced the number of SERT+ fibres and the combination of both drugs 
counteracted this effect. Regarding CB1 receptor, THC induced a significant reduction 
of this receptor in females and this effect was aggravated by the combination with 
MDMA. 
 Finally, we aimed to characterize an animal model of fear whose freezing 
response, a fear-related behavior, would not decline after several days of extinction 
training. For this purpose, on conditioning day, animals were submitted to a high 
aversive stimulus, i.e. a 1.5 mA electric shock, and thereafter to an extinction protocol 
where the neutral stimulus was continuously presented, i.e. tone exposure during 3 
minutes. This new conditioning and extinction task, allowed us to test the animals along 
a period that was long enough to analyze chronic pharmacological effects over the 
extinction process (drug administration before extinction training on the first, second 
and third day after conditioning). To investigate the involvement of the ECS, we treated 
the animals with several modulators of this neurotransmitter system. Our results 
demonstrate for the first time that selective enhancement of 2-arachidonoylglycerol (2-
AG) signaling promotes the expression of passive fear responses via CB1 receptor on 
GABAergic neurons. Hence, the design of pharmacological interventions to treat 
psychiatric disorders such as phobias, post-traumatic stress disorder (PTSD), or drug 
addiction should not use non-selective endocannabinoid signaling enhancers. Moreover, 
our data demonstrate “yin-yang” involvement of CB1 receptors on GABAergic (fear 
promoting) vs glutamatergic (fear alleviating) neurons. Finally, we found that 
interference with endocannabinoid uptake by AM404 seemed to bypass enhanced 
endocannabinoid signaling in GABAergic neurons, by a mechanism involving the 
activation of both, CB1 and TRPV1 receptors.  
Below we highlight several “take home messages” that we consider as particularly 
important contributions of this Doctoral Thesis: 
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- Stressful experiences during developmental critical periods can modulate the 
effects of chronic adolescent drug consumption, i.e. cannabis, cocaine and ecstasy. 
- Combined ecstasy and cannabis administration induces long-term negative 
effects. Animal models that mimic human consumption patterns provide more 
reliable information than acute experiments. 
- Sex/gender is an extremely important factor that should be taken into 
consideration since, as we show in our experiments, the nature and intensity of the 
diverse treatment effects are highly dependent on the sex of the animals. 
- Adolescent exposure to drugs of abuse induces deleterious effects in glial cells. 
This long-term impact on a cell-type whose interaction with neurons is vital for 
brain homeostasis helps us to understand the devastating effects of drug addiction. 
- Not only CB1 receptor expression can be altered due to a pharmacological or 
environmental treatment, but also its activity. For this reason evaluation of 
receptor density and distribution as well of its functionality is highly 
recommended to have a more reliable picture of the nature of the effects of such 
manipulations. 
- Enhancement of 2-AG signaling promotes the expression of passive fear 
responses via CB1 on GABAergic neurons. In this context, pharmacological 
interventions to treat psychiatric disorders such as phobias, PTSD or drug 
addiction should avoid the use of non-selective endocannabinoid signaling 
enhancers. 
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The following conclusions can be drawn from this Thesis:  
 
1. A single episode of neonatal maternal deprivation (24h at postnatal day 9), employed 
as a model of early life stress, and a chronic adolescent treatment with a cannabinoid 
agonist (a model of adolescent cannabis consumption) induced sex-dependent long 
term deleterious effects observable in the adulthood. In males, maternal deprivation 
reduced anxiety-related responses in the elevated plus-maze, suggesting enhanced 
impulsivity, whereas adolescent cannabinoid exposure had no major behavioral 
effects but did increase adrenocortical responsiveness to intermediate intensity 
stressors. In females, maternal deprivation did not induce significant effects on the 
parameters analyzed, whereas adolescent cannabinoid exposure promoted novelty-
seeking behaviors in the holeboard and decreased attentional capabilities as 
measured in the prepulse inhibition test. Collectively, these effects suggest that early 
life stress and adolescent cannabinoid consumption could increase, in a gender 
dependent manner, vulnerability to develop certain psychiatric disorders such as 
psychosis and substance abuse. 
 
2. As for the immunohistochemical analysis of these animals, in males MD induced a 
significant increase in the number of hippocampal GFAP positive cells and, in certain 
regions, the adolescent chronic agonist treatment tended to counteract this effect. In 
addition, the cannabinoid treatment induced, in control non-deprived males, a 
significant increase in the number of GFAP positive cells in the polymorphic layer of 
the dentate gyrus. As a whole, these results suggest that males were more vulnerable 
than females to the effects of maternal deprivation and juvenile cannabinoid 
treatment on hippocampal astrocytes. As for CB1cannabinoid receptors, maternal 
deprivation induced a decrease in CB1 receptor expression in both sexes and 
adolescent cannabinoid exposure induced in control non-deprived males a general 
decrease in hippocampal CB1 receptor immunoreactivity. Male animals receiving the 
two treatments showed a certain “normalization” of hippocampal CB1 receptor 
expression, indicating functional interactions between neonatal maternal deprivation 
and adolescent cannabinoid exposure. The data support the idea that astrocytes and 
CB1 receptors are crucial targets for long-lasting effects of both early-life stress and 
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adolescent cannabis use, and encourage further research on the pathophysiological 
significance of these phenomena. 
 
3. Maternal deprivation reduced the rewarding effects of adolescent MDMA in the 
conditioned place preference test, only in males, an effect that might be related with 
the alterations in the serotonergic and cannabinoid systems that were also observed 
in these animals. In fact, a reduction of striatal and cortical serotonin levels and an 
increased expression of hippocampal CB1 receptors were observed in MDMA-
treated deprived males. 
 
4. Both, maternal deprivation and an adolescent chronic cocaine treatment (a model of 
adolescent cocaine consumption) induced long-term sex- and region-dependent 
changes in the density and functionality of brain CB1 receptors. In addition, the 
plastic changes induced by adolescent cocaine administration in brain CB1 receptors 
were differentially influenced by early life stress. Maternal deprivation increased 
spleen CB2 receptor expression while adolescent cocaine administration attenuated 
this effect; cocaine exposure also diminished CB2 receptor expression in bone 
marrow. Present findings provide evidence for functional interactions between both 
challenges.  
 
5. In a model of adolescent THC and ecstasy consumption patterns, THC administration 
induced a long-term disruption of memory in the novel object test in female but not 
in male rats. In the prepulse inhibition test, MDMA-treated animals showed a 
decrease in prepulse inhibition at the most intense prepulse studied (80 dB), whereas 
in combination with THC it induced a similar decrease at 75 dB.  
 
6. THC decreased hippocampal Arc expression in both sexes, while in the frontal cortex 
this reduction was only evident in females. MDMA induced a reduction in ERK 1/2 
immunoreactivity in the frontal cortex of male but not female animals, and THC 
decreased prepro-orexin mRNA levels in the hypothalamus of males, although this 
effect was prevented when the animals also received MDMA.  
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7. Regarding the effects of these treatments on neuroinflammation and neurotoxicity 
related parameters, THC significantly increased GFAP stained area in both sexes. In 
males, both drugs either separately or in combination induced a significant increase 
of the percentage of reactive microglia cells (Iba-1). In contrast, in females, each 
drug, when administered alone produced a significant decrease of this percentage, 
whereas the combination of both drugs resulted in a “normalization” to control 
values. In males, MDMA reduced the number of SERT positive fibres, THC induced 
the opposite effect and the group receiving both drugs did not significantly differ 
from the controls. In females, MDMA reduced the number of SERT positive fibres 
and the combination of both drugs counteracted this effect. THC induced a 
significant reduction of CB1 cannabinoid receptors in females and this effect was 
aggravated by the combination with MDMA.  
 
8. The animal model used in this study, which mimics the current habits of human 
adolescence consumption of cannabis and ecstasy, provides a more reliable picture of 
the detrimental consequences of polydrug abuse than acute experiments. Whereas 
some apparent counterbalance of the detrimental effects of one of the two drugs may 
occur during an initial exposure, as observed for body temperature, after repeated 
exposure the long-term consequences might be exactly the opposite, since in several 
parameters the animals receiving both drugs were the most markedly affected. 
 
9. Although physiological CB1 receptor activation may induce fear alleviating effects, 
the use of exogenous CB1 receptor agonists bears the risk to promote, rather than to 
alleviate, fear responses. 
 
10. Endocannabinoids are differentially involved in fear regulation with anandamide 
inhibiting fear responses via CB1 receptors located in glutamatergic neurons and 2-
AG promoting fear via CB1 receptor expressed in GABAergic terminals. In 
consequence, pharmacological selective increase of the anandamide signaling, 
without changes in 2-AG levels, could be used as an effective adjuvant during 
extinction trainings for the treatment of fear-related disorders such as phobias, panic 
disorder and PTSD. 
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ANEXO I. MODELOS ANIMALES EMPLEADOS 
 
 Todos los experimentos realizados en la presente Tesis Doctoral cumplen con lo 
dispuesto en el Real Decreto 1201/2005, de 10 de Octubre de 2005 (BOE nº 252) sobre 
protección de los animales utilizados para experimentación y otros fines científicos, así 
como con la Directiva 2010/63/UE del Consejo Europeo, de 22 de septiembre de 2010, 
relativa a la aproximación de las disposiciones legales, reglamentarias y administrativas 
de los Estados miembros respecto a la protección de los animales utilizados para 
experimentación y otros fines científicos. Asimismo, todos los diseños experimentales 
fueron aprobados por el Comité Ético de la Universidad Complutense de Madrid. 
Durante todos los experimentos se hizo todo lo posible para minimizar el sufrimiento de 
los animales y para reducir el número de animales empleado. 
 
1. La rata Wistar como modelo experimental 
Entre los diferentes linajes de ratas albinas (Rattus norvegicus) normalmente 
empleados en investigación el utilizado en la presente Tesis Doctoral es la rata Wistar. 
Esta cepa de rata fue desarrollada por el fisiólogo Henry Donaldson en el Instituto 
Wistar (Filadelfia, PA, EEUU) en 1906 para su uso en investigación médica y biológica 
y es la primera cepa de rata que fue empleada como modelo animal. 
Las ratas Wistar son por lo general animales tranquilos y moderadamente 
prolíficos y su uso como modelo animal se ha extendido alrededor de todo el mundo. 
Además, son bastante resistentes a infecciones y tienen una baja o nula incidencia de 
aparición de tumores espontáneos.  
1.1. Desarrollo de la rata Wistar 
Las ratas recién nacidas son animales sin pelo, con los ojos cerrados y sin 
dientes, al principio son coloradas pero pasados dos días alcanzan el color rosado 
característico de esta edad. Pesan alrededor de 5 g, son activas y maman de la madre 
desde la primera hora de vida extrauterina (Fig 1A). El pelo corporal empieza a aparecer 
al cuarto día y los ojos se abren alrededor del decimotercero. A DP 10 los animales 
están completamente cubiertos de un vello fino y suave y comienzan a moverse 
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Las ratas de laboratorio pueden llegar a vivir 3 años, sin embargo, la gran 
mayoría desarrollan una enfermedad respiratoria crónica que causa una degeneración 
progresiva de los pulmones, por lo que no suelen sobrepasar los 2 años de edad. 
 
2. Modelos animales basados en la teoría del neurodesarrollo 
 Los trastornos psiquiátricos son un problema de gran relevancia en la sociedad 
actual. Sin embargo, su origen no es del todo conocido, ni tampoco los mecanismos 
implicados en su desarrollo y evolución. A lo largo de los años se han planteado un gran 
número de hipótesis y modelos experimentales para estudiar las causas, origen, 
evolución, signos y síntomas de una gran diversidad de enfermedades de carácter 
neurológico y neuropsiquiátrico. En relación al origen de estas últimas se baraja desde 
hace unos años la hipótesis del neurodesarrollo. Según esta teoría la etiología de esta 
enfermedad se debería a procesos patológicos causados por factores genéticos y 
ambientales (estos últimos durante el período perinatal), cuyas consecuencias se harían 
patentes únicamente al final de la adolescencia, comienzo de la vida adulta.  
A lo largo del crecimiento se han identificado periodos críticos en los que el 
organismo, y más particularmente su cerebro, está en pleno desarrollo y durante los 
cuales determinadas influencias externas, tanto ambientales como farmacológicas, 
pueden provocar cambios neuroendocrinos y conductuales a largo plazo. Estos periodos 
críticos son aquéllos que están asociados a fenómenos de plasticidad neural y a este 
respecto se ha descrito que tanto la adolescencia como el período perinatal temprano 
representan dos fases críticas del desarrollo durante las cuales el sistema nervioso 
muestra una plasticidad única y también una vulnerabilidad única a agentes externos. 
2.1. Modelo de separación materna 
 El protocolo de separación materna (SM) consiste en la separación de las madres 
de sus crías durante 24 horas entre los DP 9 y 10, lo que origina una disrupción del 
normal neurodesarrollo del animal durante la etapa perinatal temprana. Se ha observado 
que ratas Wistar sometidas a tal procedimiento muestran alteraciones conductuales 
similares a signos de tipo psicótico, en la edad adulta alteraciones 
psiconeuroinmunoendocrinas que comienzan a manifestarse en la edad adolescente, 
alteraciones del sistema serotoninérgico en hipocampo, mesencéfalo, corteza frontal y 
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estriado, así como una elevación de los niveles de dopamina en el estriado y un marcado 
deterioro cognitivo junto con una reducción de diversos parámetros de plasticidad 
sináptica. También se ha descrito que los animales SM muestran una reducción del peso 
corporal que se extiende hasta bien entrada la adolescencia, lo que indica una disfunción 
metabólica, posiblemente provocada por la disminución de los niveles de leptina 
observados en estos animales. Además, se ha demostrado que la SM induce, a largo 
plazo, una significativa reducción en los niveles del receptor de glucocorticoide 
hipocampal, sugiriendo una alteración en los mecanismos de retroalimentación del eje 
hipotálamo-hipófisis-adrenal (HHA), así como una marcada reducción en los niveles de 
testosterona y estradiol que sugieren alteraciones en el eje hipotálamo-hipófisis-gonadal 
(HHG) y en la función reproductora. Más recientemente hemos demostrado que la SM 
también modifica las respuestas relacionadas con dolor neuropático. 
 Por último cabe destacar que experiencias adversas en etapas tempranas de la 
vida pueden aumentar el riesgo de desarrollar abuso de sustancias, y en este sentido, 
mediante la utilización de diversos modelos de SM (diferentes protocolos y tiempos de 
separación de las madres con sus crías) se han podido observar diversas alteraciones 
sobre los efectos producidos por diferentes drogas de abuso tales como la cocaína, las 
anfetaminas, la morfina o el alcohol.  
2.2. Modelo de adolescencia 
 Junto con la etapa perinatal temprana, la adolescencia es una ventana temporal 
para el desarrollo del sistema nervioso central en el que existe una elevada plasticidad 
neuronal y una particular vulnerabilidad psicobiológica tanto frente a factores 
ambientales estresantes como al abuso de drogas. La adolescencia es el periodo de 
transición entre la infancia y la edad adulta en la que se producen dramáticos cambios 
fisiológicos y psicológicos. Durante la adolescencia continúa el desarrollo del sistema 
nervioso central, incluyendo la maduración y reorganización de vías nerviosas y de los 
principales sistemas de neurotransmisión. Este periodo de la vida viene caracterizado 
por ciertas conductas típicas tales como la búsqueda de novedad o de “sensaciones 
nuevas”, el aumento en la frecuencia de comportamientos de riesgo y una mayor 
impulsividad. 
 Entre los jóvenes adolescentes hay una fuerte asociación entre las tendencias de 
búsqueda de nuevas sensaciones y de situaciones de riesgo con el consumo abusivo de 
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drogas. Dadas las particulares características del cerebro adolescente, el abuso de 
sustancias durante este periodo interfiere de forma crítica en el desarrollo neural normal 
de los individuos lo que puede conducir a una alteración del estatus emocional, de las 
capacidades cognitivas e incluso del grado de vulnerabilidad al desarrollo de nuevas 
dependencias. 
 
3. El ratón como modelo experimental 
El ratón (Mus musculus) es el primer roedor que ha sido empleado como animal 
de laboratorio y hoy en día es el más ampliamente utilizado en investigación. Las 
características que han avalado su primacía a lo largo de la historia para su uso en 
investigación son la cercanía de su hábitat con el de los seres humanos, su facilidad de 
manejo, la prolijidad en su reproducción y su pequeño tamaño, que facilita 
enormemente encontrar un lugar donde alojarlo. Pero además, muchos investigadores 
consideran al ratón como un modelo animal casi perfecto para la genética experimental 
debido a una serie de características de las que podemos destacar: 
1. Soportan bien la consanguinidad, por lo que se pueden obtener líneas de 
individuos genéticamente idénticos, virtualmente homocigotos para todos sus 
loci. 
2. Es posible criar híbridos viables y fértiles acoplando las líneas de laboratorio 
con varias especies derivadas de animales salvajes. 
3. Se han desarrollado sobre este animal técnicas de mutagénesis dirigida que 
producen alteraciones heredables sobre partes específicas del genoma. 
En la actualidad existen más de 1.000 cepas congénicas genéticamente definidas. 
Estas cepas presentan características anatómicas y fisiológicas específicas, que les 
confieren propiedades de modelo animal. Entre las cepas más usadas se pueden 
destacar: 
‐ Ratones Swiss, CD1, NMR1: cepas no consanguíneas usadas en farmacología y 
toxicología. 
‐ Ratones Balb/c: cepa consanguínea usada en la producción de anticuerpos 
‐ Ratones C57Bl/6, C3H, SV129: cepas consanguíneas usadas como base genética 
en líneas modificadas genéticamente. 
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4. Modelo de condicionamiento y extinción de miedo  
 El miedo es una respuesta adaptativa que ha evolucionado para proteger al 
individuo de daños potenciales provenientes del exterior. No obstante, cuando el miedo 
ante una situación es excesivo o desproporcionado puede llegar a producir alteraciones 
de la ansiedad.  
Clásicamente la ansiedad ha sido tratada mediante la administración de 
benzodiazepinas e inhibidores de la recaptura de serotonina, que producen una mejoría 
de la sintomatología, aunque al retirarse el tratamiento puede haber recaídas. 
Actualmente, el tratamiento psicológico más efectivo contra la ansiedad ante un 
estímulo aversivo es el conocido como terapia cognitiva-conductual. Uno de los 
aspectos más importantes es la “desensibilización” que consiste en exponer 
gradualmente al paciente al estímulo aversivo en ausencia de peligro para el sujeto. A 
pesar del éxito que tiene esta terapia en el tratamiento de trastornos de la ansiedad, 
como por ejemplo fobias, no todos los pacientes son capaces de completarla, y por 
tanto, puede resultar difícil su recuperación. En esta coyuntura, resulta especialmente 
conveniente una mejor comprensión de los mecanismos neurales que subyacen al miedo 
y a su reducción. Por este motivo se han desarrollado una serie de modelos animales 
que permiten conocer cuáles son los circuitos que actúan sobre el condicionamiento y la 
extinción del miedo. Uno de los métodos para estudiar estos aspectos en el laboratorio, 
consiste en emparejar un estímulo condicionado neutro (EC; como por ejemplo luz o un 
sonido) con un estímulo aversivo incondicionado (EI; por ejemplo un shock eléctrico). 
Tras la exposición a esta asociación, el sujeto aprende que el EC predice la aparición del 
EI y la exposición al EC provoca una variedad de respuestas de miedo, como por 
ejemplo la conducta de freezing de los roedores, que consiste en una paralización o 
inmovilidad prácticamente total del animal. Una vez adquirido este aprendizaje, el 
miedo al EC puede extinguirse mediante una exposición repetida al EC en ausencia del 
estímulo aversivo. Una de las ventajas de este modelo es que pueden observarse una 
serie de respuestas que recuerdan a ciertos signos o síntomas que exhiben pacientes con 
trastornos de ansiedad y, por tanto, puede emplearse para probar diversos métodos para 
reducir esta sintomatología. Sin embargo, esta metodología tiene también una 
importante limitación dado que los procesos de extinción del miedo son altamente 
eficaces y tras una sesión de extinción se provoca una reducción prominente de las 
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respuestas de miedo lo que imposibilita el testado de terapias farmacológicas crónicas o 
a largo plazo.  
Por todo lo anteriormente expuesto, en el Bloque III de la presente Tesis 
Doctoral propusimos y caracterizamos un modelo animal de condicionamiento y 
extinción de miedo en el que los animales mostraron un comportamiento de freezing 
continuo, incluso tras haber sido expuestos a tres días consecutivos de sesiones de 
extinción. 
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ANEXO II. ANTICUERPOS Y FÁRMACOS UTILIZADOS 
 
1. Anticuerpos utilizados 
Inmunohistoquímica   
Primarios   
  Polyclonal rabbit anti-rat BDNF 
 Antígeno Factor neurotrófico derivado del cerebro (BDNF) 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:200 
 Casa comercial Santa Cruz Biotechnology 
  Polyclonal rabbit anti-rat CB1 receptor 
 Antígeno Receptor cannabinoide CB1 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:500 
 Casa comercial Cortesía del Prof. Ken Mackie 
  Polyclonal rabbit anti-rat CB1 receptor 
 Antígeno Receptor cannabinoide CB1 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:500 
 Casa comercial Thermo Scientific 
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  Monoclonal rabbit anti-rat GFAP 
 Antígeno Proteína glial fibrilar ácida (GFAP) 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:1000 
 Casa comercial SIGMA 
  Polyclonal rabbit anti-rat GFAP 
 Antígeno Proteína glial fibrilar ácida (GFAP) 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:1000 
 Casa comercial Dako 
  Polyclonal rabbit anti-rat Iba-1 
 Antígeno 
Molécula mediadora de la unión de calcio ionizado 
tipo 1 específica de macrófagos y microglía 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:2000 
 Casa comercial Wako Pure Chemical Industries 
  Polyclonal rabbit anti-rat serotonin transporter 
 Antígeno Transportador de serotonina 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:500 
  Casa comercial Calbiochem 
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Secundarios   
  Biotynilated donkey anti-rabbit 
 Antígeno Inmunoglobulina G de conejo 
 
Animal en el que se 
desarrolló Burro 
 Concentración de trabajo 1:300 
 Conjugado Biotina 
 Casa comercial Healthcare 
  Biotynilated goat anti-rabbit 
 Antígeno Inmunoglobulina G de conejo 
 
Animal en el que se 
desarrolló Cabra 
 Concentración de trabajo 1:300 
 Conjugado Biotina 
 Casa comercial Healthcare 
  Biotynilated goat anti-rabbit 
 Antígeno Inmunoglobulina G de conejo 
 
Animal en el que se 
desarrolló Cabra 
 Concentración de trabajo 1:300 
 Conjugado Biotina 
  Casa comercial Pierce Laboratories 
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Western blot   
Primarios  
  Polyclonal rabbit anti-rat CB1 receptor 
 Antígeno Receptor cannabinoide CB1 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:250 
 Casa comercial Thermo Scientific 
  Polyclonal rabbit anti-rat CB2 receptor 
 Antígeno Receptor cannabinoide CB2 
 
Animal en el que se 
desarrolló Conejo 
 Concentración de trabajo 1:100 
 Casa comercial Pierce Laboratories 
  Monoclonal mouse anti-rat β-actin 
 Antígeno Actina β 
 
Animal en el que se 
desarrolló Ratón 
 Concentración de trabajo 1:750 y 1:10.000 
 Casa comercial SIGMA 
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Secundarios   
  Donkey anti-rabbit HRP conjugated 
 Antígeno Inmunoglobulina G de conejo 
 
Animal en el que se 
desarrolló Burro 
 Concentración de trabajo 1:600 
 Conjugado Peroxidasa 
 Casa comercial Thermo Scientific 
  Goat anti-mouse peroxidase conjugated 
 Antígeno Inmunoglobulina G de ratón 
 
Animal en el que se 
desarrolló Cabra 
 Concentración de trabajo 1:2500 
 Conjugado Peroxidasa 
 Casa comercial SIGMA 
  Goat anti-rabbit peroxidase conjugated 
 Antígeno Inmunoglobulina G de conejo 
 
Animal en el que se 
desarrolló Cabra 
 Concentración de trabajo 1:10.000 
 Conjugado Peroxidasa 
 Casa comercial Abcam 
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ANEXO III. PRUEBAS CONDUCTUALES EMPLEADAS 
  
El sistema nervioso permite al individuo generar conductas que le permitan 
mantener su propia homeostasis y por ende su supervivencia, y asegurar la continuidad 
de la especie. De hecho, los animales exhiben conductas de búsqueda de alimento y 
bebida, comportamientos conducentes a la protección frente a depredadores o agentes 
adversos externos, conductas sexuales específicas de cada especie o comportamientos 
de cuidado materno, entre otros. Así pues, uno de los aspectos más importantes en la 
utilización y caracterización de modelos animales en psicofisiología y 
psicofisiopatología es el análisis de la conducta, que debe ser lo más completo e 
integrado posible incluyendo baterías de pruebas ad hoc. A lo largo de la presente Tesis 
Doctoral hemos procedido de acuerdo con este criterio al diseñar los protocolos 
experimentales.   
Como ha sido previamente indicado en el Anexo I, la mayoría de experimentos 
efectuados con modelos animales han sido realizados en roedores (ratas y ratones 
mayoritariamente). Los modelos conductuales que se desarrollan en estas especies 
tienen en cuenta pautas de comportamiento espontáneo clásicas de los roedores entre las 
que destacan su tendencia a la exploración, su aversión a las alturas y a los espacios 
abiertos, una elevada capacidad de memoria y aprendizaje y un cuidado excelente de los 
recién nacidos. 
Aparte del comportamiento espontáneo de los roedores, también se han 
desarrollado, a partir de los estudios de Ivan Pavlov, una serie de modelos conductuales 
que se basan en el condicionamiento clásico. En resumen, cuando el animal aprende a 
relacionar un estímulo incondicionado, como por ejemplo la comida, con un estímulo 
neutro, el sonido de una campana, al final la respuesta frente al estímulo neutro es la 
misma que cuando sólo se presenta el estímulo incondicionado,  es decir, salivación. 
 
1. Análisis del comportamiento materno 
 El comportamiento materno en los mamíferos no primates ha sido 
frecuentemente caracterizado como una conducta estereotipada, invariante o innata que 
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El test de la preferencia condicionada de lugar se basa en el condicionamiento 
Pavloviano o condicionamiento clásico,  que consiste en emparejar un estímulo neutro 
con un estímulo incondicionado reforzante, provocando así que el primero adquiera 
propiedades de refuerzo. En el caso que nos ocupa la localización donde se deja el 
animal una vez que ha sido administrado con la droga se convierte en un estímulo 
condicionado que evoca los efectos reforzantes del fármaco, de ahí que el animal pase 
más tiempo en el área asociada a la droga. 
 
8. Evaluación del condicionamiento y extinción del miedo 
 El condicionamiento del miedo es un modelo conductual basado en el 
condicionamiento Pavloviano. Sin embargo, a diferencia del modelo anterior, los 
roedores aprenden a “predecir” eventos adversos. En este paradigma se asocia un 
estímulo incondicionado de tipo aversivo (normalmente un shock eléctrico) con un 
estímulo neutro (en nuestro caso un estímulo sonoro), lo que provoca la expresión de 
respuestas asociadas al miedo cuando el animal es sometido al estímulo neutro. 
La extinción del miedo consiste en una exposición repetida del sujeto al estímulo 
neutro utilizado durante el condicionamiento pero en esta ocasión sin que vaya sucedido 
del estímulo aversivo. De esta manera el animal se encuentra sometido a un 
reaprendizaje y va gradualmente disminuyendo la cantidad de respuestas asociadas al 
miedo ante la presentación del estímulo neutro.  
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Cannabinoids, endocannabinoids andmarijuana activate
two well-characterized cannabinoid receptors (CB-Rs),
CB1-Rs and CB2-Rs. The expression of CB1-Rs in the
brain and periphery has been well studied, but neuronal
CB2-Rs have received much less attention than CB1-
Rs. Many studies have now identified and characterized
functional glial and neuronal CB2-Rs in the central
nervous system. However, many features of CB2-R
gene structure, regulation and variation remain poorly
characterized in comparison with the CB1-R. In this
study, we report on the discovery of a novel human
CB2 gene promoter transcribing testis (CB2A) isoform
with starting exon located ca 45 kb upstream from the
previously identified promoter transcribing the spleen
isoform (CB2B). The 5′ exons of both CB2 isoforms are
untranslated 5′UTRs and alternatively spliced to the
major protein coding exon of the CB2 gene. CB2A is
expressed higher in testis and brain than CB2B that is
expressed higher in other peripheral tissues than CB2A.
Species comparison found that the CB2 gene of human,
rat andmouse genomes deviated in their gene structures
and isoform expression patterns.mCB2A expressionwas
increased significantly in the cerebellum of mice treated
with the CB-R mixed agonist, WIN55212-2. These results
provide much improved information about CB2 gene
structure and its human and rodent variants that should
be considered in developing CB2-R-based therapeutic
agents.
Keywords: Brain, CB2 cannabinoid receptors, CB2A, CB2B,
spleen, testis
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Marijuana remains one of the most widely used drugs,
and much progress in cannabinoid research has showed
the existence of an elaborate endocannabinoid physiological
control system (EPCS) in animals and humans (Mackie 2008;
Onaivi et al. 2008), with increasing new knowledge on the
scientific and therapeutic bases for the use of cannabinoids
(CBs) as medicine. The EPCS consists of (1) cannabinoid
receptors (CB-Rs), (2) endogenous compounds termed
endocannabinoids (eCBs) that activate these receptors and
(3) enzymes that synthesize and degrade the eCBs. The
study of the distribution and function of various components
of the EPCS in the brain has provided the basis for
the established effects of marijuana and eCBs. Thus, the
use of cannabis or administration of phytocannabinoids
or synthetic CBs interacts with the EPCS to modulate
synaptic transmission. This modulatory action on synaptic
transmission has significant functional implications on the
interactions between exogenous cannabinoids such as
smoking marijuana or administration of 9-THC and eCBs-
mediated synaptic plasticity.
The expression of CB1 cannabinoid receptors (CB1-Rs) in
the brain and periphery has been well studied, but CB2-
Rs have received much less attention than have CB1-Rs
(Mackie 2008; Onaivi et al. 2006). Both CB1-Rs and CB2-
Rs are widely distributed in peripheral tissues with CB2-Rs
particularly enriched in immune tissues and cells such as
spleen, thymus and leucocytes (Sugiura & Waku 2002). The
functional neuronal expression of CB2-Rs in the brain had
therefore been ambiguous and controversial (Onaivi et al.
2006; Van Sickle et al. 2005). The lack of CB2 information
on brain expression is because CB2-Rs were thought
previously to be expressed primarily in some peripheral
tissues such as the spleen and in other immune cells and
has therefore been traditionally referred to as the peripheral
CB-Rs (Gerard et al. 1990; Griffin et al. 1999; Munro et al.
1993). Several studies have now identified and characterized
glial and neuronal CB2-Rs in the central nervous system
(CNS). However, many features of CB2-R gene structure,
regulation and variation remain poorly characterized (Benito
et al. 2008; Gong et al. 2006; Nunez et al. 2008; Onaivi et al.
2006; Van Sickle et al. 2005). This poor characterization
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of CB2-R gene structure and polymorphisms hampers
progress in the determination of the functional role of CB2-
Rs, particularly in neurodegenerative and neuropsychiatric
disorders. Furthermore, the neurobiological basis for CB2-
R physiological activity, and its putative interaction with or
without CB1-Rs remains to be determined.
Our recent studies indicate that genetic variants of
CB2 gene expression, with a high incidence of Q63R
but not the H316Y polymorphism, is involved in eating
disorders, substance abuse and depression in a human
population (Onaivi et al. 2008). Other studies in human
tissue samples from participants with Alzheimer’s disease
showed that CB2-Rs are selectively over expressed in
the microglial cells that are associated with Aβ-enriched
neuritic plaques (Pazos et al. 2004). Data obtained in vitro
and from animal models showed the inducible nature of
CB2-Rs under neuroinflammatory conditions and suggest
that the upregulation of CB2-Rs is a common pattern of
response against different types of chronic human brain
neuropathology (Benito et al. 2008). Accruing evidence
shows that CB2-Rs and its gene variants may play
possible roles in neuroinflammation occurring in multiple
sclerosis, traumatic brain injury, HIV-induced encephalitis,
Alzheimer’s, Parkinson’s and Huntington’s diseases (Benito
et al. 2008). It would be important to understand the
role of CB2-Rs and its gene variants in disturbances of
the brain involving neuroinflammation. Therefore, improved
information about the CB2 gene and its human variants
might add to our understanding of the role of CB2-Rs
during neuroinflammatory conditions in the CNS and beyond
immunocannabinoid activity.
To date, the complete gene structure, 5′- and 3′-UTR,
and transcription initiation sites of human CB2 receptor
have not been fully characterized (Abood 2005; Onaivi
et al. 2006). Because the identification of mouse CB2
expression in brain regions was reported (Gong et al.
2006; Van Sickle et al. 2005), the specific expression of
human or mouse CB2 isoforms in brain regions was not
known. However, the published evidence showed significant
species differences of CB2-Rs in human, mouse and rat
in terms of peptides, mRNA sizes, gene structure and
pharmacology (Brown et al. 2002; Munro et al. 1993; Shire
et al. 1996). We thereafter name human, mouse and rat
CB2 genes as hCB2, mCB2 and rCB2, respectively. For
instance, hCB2 mRNA was detected in the HL60 cell line
(human acute promyelocytic leukemia cells) by Northern
blot as 2.5-kb and 5.0-kb mRNA bands that were elevated
by TPA- (12-O-tetradecanoylphorbol−13-acetate) and DMF-
(N, N-dimethylformamide) induced differentiation to myeloid
and granulocyte, respectively (Munro et al. 1993). The mRNA
5.0-kb and 2.5-kb bands of hCB2 were also observed in
the Jurkat E6−1 cell line (human T-cell leukemia cells);
however, only the 2.5-kb band was observed in human
peripheral blood acute leukemia cell line (HPB-ALL) cells
(Schatz et al. 1997). In contrast, mCB2 mRNA were shown
to be predominantly expressed as a single band of 4.0 kb
in spleen (Schatz et al. 1997). Different rCB2 mRNA species
were observed as a 2.4-kb band (Schatz et al. 1997) and as
a 3.9-kb band in rat spleen, thymus, testis and leucocytes
(Brown et al. 2002). The discrepancies on CB2 mRNA sizes
in the literature indicated incomplete gene structure of CB2
gene in different species or polymorphism in the same
species. We now report on the discovery of a novel CB2
gene promoter that differentially encodes tissue-specific
CB2 gene expression in human tissues. Intriguingly, the
testis-specific isoform hCB2A expression level was much
higher in brain regions than the spleen-dominant hCB2B
isoform that is expressed at higher levels in spleen and
other peripheral tissues except testis. Our results showed
tissue-specific isoforms of CNR2 gene that may provide
tissue-specific targeting of cannabinoids in inflammatory and
neuropathic pain disorders associated with CB2-Rs in the
brain and peripheral tissues.
Materials and methods
RNA isolation, complementary DNA synthesis and
real-time polymerase chain reaction quantification
Human total RNA from brain and peripheral tissues were obtained
from Clontech (Mountain View, CA, USA) and human brain tissues
were obtained from the NICHD Brain and Tissue Bank for
Developmental Disorders at the University of Maryland. Mouse
total RNAs were extracted from C57BL/6J, C57BL/10J and the
BTBR T+tF/J mouse peripheral tissues and brain regions using
RNAzolB protocol (Tel-Test, Inc., Friendwood, TX, USA). Single strand
complementary DNA (cDNA) was synthesized from total RNA using
SuperScript™ III One-Step RT-PCR System (Invitrogen, Carlsbad,
CA, USA). Novel hCB2A exons (exons 1a and 1b) were identified by
aligning human genomic sequences with expressed sequence tag
clone AL527378 isolated 3′-from normalized neuroblastoma cDNA
library. For quantitative real-time polymerase chain reaction (RT-PCR)
assays, the exon-specific primers and fluorescent FAM-labeled and
minor grove binder (MGB) conjugated probes of hCB2, mCB2 and
rCB2 genes were designed (Table 1) using Primer Express (Applied
Biosystems, Foster City, CA, USA). For hCB2 expression study, an
hCB2A-specific probe was designed to span exons 1a and 1b, and
an hCB2B-specific probe was designed to span exons 2 and 3. For
the mCB2 expression study, a mCB2A-specific probe was designed
to span exons 1 and 3 and a mCB2B-specific probe was designed to
span exons 2 and 3. For the rCB2 expression study, specific probes
(Table 1) were designed to span exons 1 and 3 and exons 2 and 3 to
detect rCB2A and rCB2B expression, respectively. The rCB2 primers
were also designed (Table 1) to detect retroposon B2 insertion into
3′UTR of rCB2.
Endogenous controls were provided by predeveloped human
GAPDH or mouse and β-actin with fluorescent FAM-labeling (Applied
Biosystems). ABI 7900HT Sequence Detection System default
program was used for RT-PCR with 40 cycles as well as rCB2
B2 insertion detection.
The novel isoforms were confirmed by agarose gel analysis of PCR
fragments that were in the expected sizes and by dideoxynucleotide
sequencing. To confirm hCB2A testis-specific expression, TaqMan
assays were carried out independently by different individuals.
Mouse mCB2 gene expression and regulation by treatment with
cannabinoids were determined in mouse brain regions and other
peripheral tissues after subacute treatment with CB-R ligands in
comparison with vehicle-treated control mice. Sprague–Dawley and
Long Evans rats were decapitated, and the brain and peripheral
tissues were dissected for RNA isolation and cDNA synthesis. The
different brain regions included striatum, brain stem, cerebellum,
hypothalamus and frontal cortex, and peripheral tissues included
spleen and testis.
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Table 1: TaqMan probes and flanking forward and reverse primer sequences for human, mouse, and rat CB2 genes and PCR primers
to amplify rat B2 insertion site
Isoforms Exons MGB TaqMan probes Forward primer Reverse primer
hCB2A Exons 1a, 1b CCAGATGCAGCCGC GGAAGAAAGAGAATATTGTTCAGTTGATT GCTGGCCTTGGAGAGTGACA
hCB2B Exons 2, 3 ACAACACAACCCAAAGC TGGGAGAGGACAGAAAACAACTG TGGGCCCTTCAGATTCCA
rCB2A Exons 1, 3 CTGACAAATGACACCCAGTC CAGGACAAGGCTCCACAAGAC GATGGGCTTTGGCTTCTTCTAC
rCB2B Exons 1, 3 TGGGCCCAGTCTT GCCACCCAGCAAACATCTCT GATGGGCTTTGGCTTCTTCTAC
rB2 insert Exon 3 CCAGGCTGCTCCAATTGCT TCTGACTCGGACTGCTTCCA
mCB2A Exons 1, 3 CTGACAAATGACTCCCAGTC CAGGACAAGGCTTCACAAGAC GACAGGCTTTGGCTGCTTCTAC
mCB2B Exons 2, 3 TGGGCCCAGTCCT GCCACCCAGCAAACATCTAT GACAGGCTTTGGCTGCTTCTAC
mCB2-KO Exon 3 ATGCTGGTTCCCTGCAC AGCTCGGATGCGGCTAGAC AGGCTGTGGCCCATGAGA
Animal subjects and cannabinoid receptor ligand
treatments
Animals (males) from the selected mouse strain C57BL/6Js were
treated daily for 7 days with the mixed cannabinoid agonist,
WIN55212−2 (2 mg/kg). On test days, animals were treated with
the test drug for 30 min before assessment of the performance
of the mice in forced swim test (FST) for 5 min. In this study,
the effect of WIN55212−2 acutely and on day 6 in the FST was
determined and compared with control mice following 7 days of daily
administration. Six mice per group were killed, and non-injected BTBR
mice tissue parts included for mCB2 gene expression analysis were
as follows: vehicle = (V1–V6), WIN55212−2 (2 mg/kg) = (W1–W6)
and untreated BTBR = (B1–B6). We also analyzed mCB2 gene
expression in chronically treated C57BL/10Js treated with CB1-
R antagonist (AM 251, 3 mg/kg) or CB2-R antagonist (AM 630,
10 mg/kg) in comparison with vehicle-treated control mice.
The mCB2 knockout mice were bred at NIDA-IRP from two
CB2+/– breeding pairs, generously donated by Dr George Kunos
at the National Institute on Alcohol Abuse and Alcoholism
(NIAAA). Genotyping was performed by the Charles River National
Laboratories. We analyzed mCB2 expression in brain regions, testis
and spleen using the three TaqMan probes against two promoters
of mouse mCB2 gene and the deleted part of mCB2 gene (Table 1).
Statistical analysis
Prism-3 program , version 3.02 (GraphPad Software, Inc., San Diego,
CA, USA) was used for graphical and statistical analyses including
t-tests and one-way analyses of variance. The accepted level of
significance is P < 0.05.
Results
Human CB2 genomic structure (1p36.1) and
discovery of a novel hCB2A promoter
With the published evidence showing clear species differ-
ences of CB2-Rs in human, mouse and rat in terms of mRNA
sizes in tissues and cell lines (Brown et al. 2002; Munro et al.
1993; Shire et al. 1996), we set out to identify unidentified
human hCB2 isoforms by first aligning the EST sequences
with hCB2 genomic sequences and then by PCR amplifi-
cation. We found that an EST clone (AL527378) derived
from a normalized neuroblastoma cDNA library aligned with
two upstream human hCB2 exons (exons 1a and 1b) and
downstream major coding exon (exon 3) with two con-
served exon–intron (AG-GT) junctions (Fig. 1a). We then
sequenced the PCR fragments that were amplified using
primers designed according to the novel exons, and we
deposited hCB2A cDNA sequence in GenBank (EU517121).
The novel exons 1a and 1b of hCB2 are located at 85 478
bp and 75 971 bp, respectively, upstream from the major
coding exon 3. Both of the novel exons 1a and 1b are 5′UTR
sequences because they do not contain open reading frame
in frame with the initiation methionine of hCB2 encoded by
the exon 3. In contrast, the previously identified upstream
5′UTR exon 2 is located 39 769 bp upstream from the major
coding exon 3 (Munro et al. 1993). Therefore, the size of
the newly identified hCB2A isoform spans a genomic region
of 90.8 kb, about twice as large as the previously identified
human hCB2B gene of 45.7 kb (Fig. 1a).
There are four probable poly A signals and poly A sites
in the extended 3′UTR sequence of hCB2 cDNA. The first
poly A site is the previously identified cDNA clone (HCX5.36)
with imperfect polyadenylation signal sequence of GATAAA
(Munro et al. 1993). There are three additional poly A sites
with perfect polyadenylation signal sequence AATAAA; the
second poly A site is located at 2799 bp of hCB2A (EU517121)
with poly A containing 3′EST alignments (AW515513,
AI864752 and AI475798). The third is located at 4632 bp with
poly A containing 3′EST alignments (AW967543, AW966929,
AV715015 and AA250845), and the fourth is located at 5349
bp with polyA containing 3′EST alignments (AW405600,
AW294847, AA909480, AI218261 and AI424994). All these
3′EST clones were derived from cDNA libraries of B cells or
lymphocytes. The additional evidence of hCB2 mRNA that
contains extended 3′UTR sequence is another hCB2 cDNA
clone (HCX5.1) with extended sequence beyond the first
polyA site (Munro et al. 1993). Therefore, human CNR2 gene
contains two separate promoters and several alternative
polyA sites, generating multiple mRNA sizes as previously
observed in Northern blot of human HL-60 and Jurkat E6-1
cell lines (Munro et al. 1993; Schatz et al. 1997). The first
promoter initiates from 5′UTR exon 1a and is spliced to exon
1b and then to the major coding exon 3 (Fig. 1). The second
promoter initiates from exon 2 that is also spliced to the
major coding exon 3 (Fig. 1). We named the novel hCB2
isoform that is transcribed from the first exon as hCB2A and
the second promoter as hCB2B.
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Figure 1: (a) Human hCB2 genomic struc-
ture and transcripts. (b) Mouse mCB2
genomic structure and transcripts. (c) Rat
rCB2 genomic structure and tran-
scripts. Horizontal line represents NCBI
MapViewer’s Homo sapiens chromo-
some1p36.1 position Build 36.3, mus mus-
culus chromosome 4D3 position Build 37.1,
and Rattus norvegicus chromosome 5q36
position Build RGSC 34.1. Vertical bars
represent exons. Triangular lines repre-
sent splicing events. Open boxes repre-
sent spliced exons in mRNA transcripts.
Black bars represent the location of TaqMan
probes. Black boxes represent intraexonal
splicing of rat rCB2 major coding exon and
black triangles represent rat B2 retroposon
insertions sites.
Human hCB2A and hCB2B isoform tissue
expression patterns
We next tested the tissue expression patterns of the newly
identified hCB2A isoform in comparison with the previously
identified hCB2B isoform in various human peripheral tis-
sues and brain regions. The tissue cDNA templates were
synthesized from human RNA preparations that consist
of intact RNA with no genomic DNA contamination (Clon-
tech). The TaqMan probes were designed across exon 1a/1b
and exon 2/3, respectively, for detecting specific hCB2A
and hCB2B isoform expression and avoiding the detection
of genomic contamination (Table 1 and Fig. 1a). Strikingly,
hCB2A expression was observed predominantly in testis, i.e.
more than 100-fold than that of spleen and leucocytes. The
hCB2A expression was also observed in various brain regions
at levels, i.e. zero to twofold using intestine hCB2A as a refer-
ence (Fig. 2a). As expected, hCB2B expression was observed
predominantly in spleen and leucocytes. Spleen and leuco-
cytes hCB2B mRNA levels were 120- and 30-fold higher
than that of intestine reference of hCB2B (Fig. 2b), respec-
tively. However, there was little expression of hCB2B in
brain regions. In comparison with intestine hCB2B reference,
hCB2A expression levels were significantly lower in periph-
eral tissues except in testis; however, hCB2A expression in
brain regions was observed in amygdala, caudate, putaman,
nucleus accumbens, cortex, hippocampus and cerebellum
at low levels. The caudate hCB2A mRNA level was about
0.07% of the spleen hCB2B expression level (Fig. 2c). This
is the first observation of the isoforms-specific expression of
human hCB2A at significant, albeit low levels (<1% of hCB2A
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(a)
(b)
(c)
Figure 2: Tissue expression patterns of
human hCB2A and hCB2B isoforms.
(a) Human hCB2A isoform expression in
different brain regions and peripheral tis-
sues using human intestine hCB2A as
a reference. (b) Human hCB2B isoform
expression in different brain regions and
peripheral tissues using human intestine
hCB2B as a reference. (c) Human hCB2A
isoform expression patterns using human
intestine hCB2B as a reference. Error bars
were derived from standard deviation (SD)
of triplicate TaqMan assay. The abbrevia-
tions for brain regions and peripheral tis-
sues are AMG, amygdala; CAU, caudate;
PUT, putaman; NAC, nucleus acumbens;
SNR, substantia nigra; CTX, cortex; CER,
cerebellum; HIP, hippocampus; HRT, heart;
LUN, lung; LIV, liver; INT, intestine; SPL,
spleen; KID, kidney; TES, testis; MUS,
muscle; LEU, leucocytes.
testis expression and <0.1% of CB2B spleen expression) in
human brain regions (Fig. 2c).
Mouse mCB2 genomic structure (4D3) and tissue
expression patterns
Mouse mCB2 gene contains three exons with two sepa-
rate promoters (Fig. 1b) (Onaivi et al. 2006). Transcription of
the first cloned mouse mCB2A cDNA (X86405) was initi-
ated from the first exon (Shire et al. 1996) and that of the
mouse mCB2B cDNA clones from FANTOM Consortium
and Mammalian Gene Collection (AK036658 and BC024052,
respectively) was initiated from exon 2 (Fig. 1b) (Okazaki
et al. 2002; Strausberg et al. 2002). However, the tissue
expression patterns of the specific mCB2A and mCB2B iso-
forms were not known. We designed the isoform-specific
TaqMan probes across exon 1/3 and exon 2/3 (Table 1 and
Fig. 1b) to determine mCB2A and mCB2B tissue expression
patterns, respectively. Mouse mCB2A and mCB2B were
expressed predominantly in spleen, although the mCB2A
and mCB2B isoform transcripts were also detected in brain
regions such as frontal cortex, striatum and brain stem at
about 1% of the spleen expression (Fig. 3a,b). Although
mCB2A and mCB2B tissue expression patterns were simi-
lar, mCB2A mRNA levels were generally about fivefold higher
than mCB2B using brain stem CB2A as a reference (Fig. 3c);
therefore, mouse mCB2A isoform is expressed at higher lev-
els than mCB2 in brain regions and other peripheral tissues.
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Figure 3: Tissue expression patterns of mouse mCB2A and
mCB2B isoforms. Error bars were derived from standard error
of means (SEM) from six mice. (a) Mouse mCB2A isoform
expression in different brain regions and peripheral tissues using
mouse brain stem mCB2A as a reference. (b) Mouse mCB2B
isoform expression in different brain regions and peripheral
tissues using mouse brain stem mCB2B as a reference.
(c) mCB2A isoform expression patterns using mouse brain stem
mCB2A as a reference. The abbreviations for brain regions and
peripheral tissues are PFC, prefrontal cortex; STR, striatum;
BSM, brain stem; TES, testis; SPL, spleen.
(a)
(b)
Figure 4: Detection of mCB2 tissue expression in the C-
terminus deletion of mCB2 knockout mouse (open bars)
and wild type (filled bars) by mCB2A, mCB2B and mCB2-KO
TaqMan probes. Figures (a) and (b) represent brain stem (BSM)
and spleen (SPL), respectively.
Upregulation of undeleted portion of mCB2 in the
C-terminal knockout mouse tissues
We further investigated the promoter activities of mCB2A
and mCB2B in the knockout mouse brain and peripheral
tissues, because the knockout strain deleted the C-terminal
131 amino acid including last two transmembrane and
intracellular domains (Buckley 2008; Buckley et al. 2000).
We found that there was a compensatory effect of mCB2A
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Human CB2 300 ALRSGEIRSSAHHCLAHWKKCVRGLGSEAKEEAPRSSVTETEADGKITPWPDSRDLDLSDC 360
Chimp CB2 300 ALRSGEIRSSAHHCLAHWKKCVRGLGSEAKEEAPRSSVTETEADGKITPWPDSRDLDLSDC 360
Monkey CB2 300 ALRSGEIRSSAHHCLAHWRKCVRGLGSEAKEEAPRSSVTETEADGKITPWPDSRDLDHSSC 360
Bovine CB2 300 ALRSGEIRSSAHHRLARWKKCVRGLGPEGKGEIPRSSVTETEADVKTTPGLDSRELSWPDEL361
Dog CB2 300 ALRSGEIRSSAFHCLAHWRRHLRRLGLEGNKEVPRSSVTETEADVKITPWPDSRVLNCPDC 360
Rat CB2360 300 ALRSGEIRSAAQHCLTGWKKYLQGLGSEGKEEAPKSSVTETEAEVKTTTGPGSRTPGCSNC 360
Rat CB2410 300 ALRSGEIRSAAQHCLTGWKKYLQGLGSEGKEEAPKSSVTETEAETLVLKDKQELGGDCLLR 360
Mouse CB2 300 ALRSGEIRSAAQHCLIGWKKYLQGLGPEGKEEGPRSSVTETEADVKTT------------- 347
*********:* * *  *:: :: ** *.: * *:********:
Rat CB2410 361 TSSIHSPMLSLADSANRQDVRPHCPEELTWWCSVRRPISLPNKAGQSTLL 410
Figure 5: Alignment of the C-terminal
intracellular peptide sequences of CB2
receptors from human, mouse, rat
rCB2360 and rCB2410 isoforms. The num-
bers represent the amino acid numbers
in each of the CB2 receptors from dif-
ferent species and isoforms. Asterisks
represent identical amino acids; colons
and dots represent similar amino acids.
Bold and underlined S represents pre-
dicted PKA phosphorylation and PKC
phosphorylation sites (Score >0.65, Net-
PhosK 1.0: http://www.cbs.dtu.dk/services/
NetPhosK/).
and mCB2B promoter activities that upregulate mCB2A and
mCB2B isoforms in the brain stem of mCB2 knockout mouse
(Fig. 4a) using wild-type brain stem mCB2A as a reference.
The expression level of mCB2B was also upregulated,
although mCB2A expression was reduced in the spleen
tissue of mCB2 knockout mice (Fig. 4b). We further designed
the TaqMan probe mCB2-KO (Table 1) that hybridized to the
deleted C-terminus of mCB2 knockout mouse (Buckley et al.
2000) to validate the mCB2 expression in the mCB2 knockout
mouse. We found that the knockout mouse did not express
the deleted portion of mCB2 in the brain stem and spleen;
however, the mCB2-KO TaqMan probe could readily detect
the C-terminal expression in the brain stem and spleen tissue
of the wild-type mouse (Fig. 4a,b).
Rat rCB2 genomic structure (5q36) and novel
isoforms without retroposon B2 insertion at 3′UTR
Rat rCB2 gene was reported previously to contain three
coding exons that encode two different intracellular C-
terminal peptides with one homologous (Griffin et al. 2000)
and the other non-homologous with hCB2 and mCB2
C-terminal peptides (Brown et al. 2002). The upstream
promoters of rCB2 gene were not reported in the literature.
In order to identify rCB2 isoforms by PCR cloning, we
used homologous region of mouse exons 1 and 2 for
forward primers and used downstream exon 3 sequence
for the reverse primers (Table 1 and Fig. 1c). We found
that rCB2 gene also contains isoform rCB2A and rCB2B
that were transcribed from upstream promoters of exons
1 and 2, respectively, similar to mCB2 gene (Fig. 1c). The
rCB2 genomic region of 29 kb is also significantly shorter
than that of the hCB2 gene of 90 kb. Surprisingly, we
found only one coding exon instead of three coding exons
(Brown et al. 2002) in Sprague–Dawley and Long Evans rat
cDNA templates synthesized from spleen and brain regions
(Fig. 1c). The uninterrupted coding exon encodes rCB2 of
360 amino acids with shorter intracellular C-terminal peptide
(Fig. 5) as Griffin et al. reported (Griffin et al. 2000) than that
of previously cloned rCB2 of 410 amino acids (Brown et al.
2002). We named the rat C-terminal isoform as rCB2360 and
rCB2410 for rCB2 isoforms containing 360 and 410 amino
acids, respectively. Interestingly, rCB2360 isoform contains
the same size of hCB2 intracellular C-terminal peptide with
67% identity and is 13 amino acids longer than that of mCB2
intracellular C-terminal region with 72% identity (Fig. 5). We
could not detect rCB2410 in the rat strains of Sprague–Dawley
and Long Evans that were used for the experiment; therefore,
we could not compare the expression levels of rCB2360 and
rCB2410 isoforms. The tissue expression patterns of rCB2A
and rCB2B were very similar with mCB2A and mCB2B (data
not shown; primer sequences are listed in Table 1).
There is a rat B2 retroposon insertion (flanked by direct
repeat) into the 3′UTR region of the major coding exon in
the reported rat rCB2 cDNA clone (Brown et al. 2002) as
well as the NCBI rat genomic sequence. Using primers that
flank the B2 retroposon insertion site (Table 1), we showed
that the Sprague–Dawley and Long Evans rats that we used
did not contain B2 retroposon insertion (data not shown).
Indeed, Celera rat genome sequence does not contain the B2
retroposon insertion of the major coding exon of rCB2 gene.
Species differences of CB2 gene among human,
mouse and rat
Including the newly identified exons of hCB2A, the human
CNR2 gene spans the 90-kb genomic region, which is about
four times larger than the 23-kb mouse mCB2 gene and 29-
kb rat rCB2 gene (Fig. 1a–c), respectively. Using the default
setting of NCBI Blast 2 program to align human and rodent
exon sequences, the only region that aligns significantly is
in the protein coding region and no significant alignments
could be found in the 5′UTR and 3′UTR sequences between
human and rodent rCB2 and mCB2 cDNA sequences. The
full length of human hCB2 3′UTR sequence is 2500 and
3000 bp longer than that of mouse and rat 3′UTR sequences,
respectively. In contrast, mouse and rat 5′UTR and 3′UTR
were well aligned with more than 85% identity. However,
mCB2 contains longer 3′UTR (779 bp longer) than that of
rCB2. Mouse mCB2 contains a stop codon that precedes
the C-terminal 13 amino acids of human hCB2 and rat rCB2
isoforms, although the remaining 12 amino acids of mCB2
after stop codon are completely identical to rCB360 isoform. It
is possible that a nonsense mutation occurred during mouse
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(a) (c)
(d)(b)
Figure 6: Regulation of mCB2A after 7 days of subacute treatment with the mixed CB-R agonist WIN55212-2 in different
brain regions of mice from the inbred strain C57BL/6J and in untreated animals from the BTBR T+tF/J mouse autism
model. Error bars were derived from standard error of means (SEM) from six mice. (a) Cerebellum, (b) frontal cortex, (c) striatum and
(d) hypothalamus. B (BTBR) mice were untreated whereas W (C57BL/6J) treated animals with WIN55212) had similar upregulation of
CB2A gene.
evolution because all other mammalian species such as rat,
bovine, sheep, dog, rhesus monkey and chimpanzee do not
contain the premature stop codon as does mouse mCB2
(Fig. 5).
Although human and mouse CB2 genes both contain two
promoters, the 5′ flanking sequences of the transcription
initiation exons share no significant homology and the
promoter activities of hCB2 and mCB2 genes are quite
different. Human hCB2A is expressed predominantly in testis
and hCB2B predominantly in spleen, whereas both rodent
CB2A and CB2B are expressed predominantly in spleen.
Human hCB2A promoter transcription is stronger in testis
and brain regions, whereas hCB2B promoter transcription is
stronger in spleen, leucocytes and other peripheral tissues
(Fig. 2a–c). In contrast, mouse mCB2A promoter activity
is about five times stronger in the expressed tissues than
that of mCB2B (Fig. 3a–c). The common features of human
and rodent CB2 tissue expression patterns are the isoform-
specific predominant tissue expression such as human
hCB2A in testis, human hCB2B in spleen, and rodent mCB2A
and mCB2B in spleen (Figs 2 and 3). The detectable brain
expression of hCB2A was at very low levels at 1% of that
of hCB2A in testis and 0.07% of that of hCB2B in spleen;
however, the detectable brain expression of mCB2A was
measurable at 1% of that of mCB2A in spleen. Therefore,
CB2A isoform expression is higher in mouse brain than in
human brain. In general, human hCB2B expression levels
were higher than hCB2A except in testis and brain regions.
Mouse mCB2A expression levels were generally higher
in both brain and peripheral tissues. The gene regulation
mechanisms might differ in human and mouse CB2 genes.
Regulation of mCB2 isoform expression by CB-R
ligand treatment in mouse brain regions of C57BL/6J
mice, similar to untreated autistic mouse model of
BTBR T+F/J strain
Are mice mCB2A and mCB2B receptor isoforms regulated
differentially by treatment with the mixed cannabinoid
agonist and CB2-R ligands? We therefore determined
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mCB2 gene expression in mice brain regions after
subacute treatment with CB2-R ligands using CB1-R
selective antagonist AM251 (3 mg/kg) and CB2-R selective
antagonist AM 630 (10 mg/kg) and the mixed cannabinoid
receptor agonist WIN55212-2 (2 mg/kg) after 4 weeks of
treatment (Fig. 6). We did not observe any significant
changes of mCB2A and mCB2B in peripheral tissues
such as spleen and testis (data not shown). We did not
observe any significant expression changes in AM251 and
AM630 treatment for CB1- and CB2-specific antagonist
treatments, respectively, in brain regions (data not shown).
However, there were mouse strain and brain regional-
specific mCB2 gene expression profiles following subacute
administration with the mixed cannabinoid receptor agonist
WIN55212-2 (2 mg/kg). In the cerebellum, for example,
mCB2A was significantly (t-test: t = 2.39, df = 10, P =
0.0438) upregulated by treatment of C57BL/6J mice
with WIN55212-2 in comparison with vehicle controls.
Interestingly, mCB2A was also increased significantly in the
cerebellum of the BTBR T+tF/J strain of mouse compared
with C57BL/6J strain (Fig. 6a). mCB2A isoform expression
was increased about onefold in cerebellum in the mixed
agonist WIN55212-2 treatment, although no significant
changes were observed in other brain regions such as frontal
cortex, striatum and hypothalamus (Fig. 6b–d). mCB2B
regulation in mouse brain regions were not shown because
mCB2B expression is several times lower than that of
mCB2A, and the mRNA levels could not be measured reliably
by TaqMan assay.
Discussion
New data obtained from these studies shed some light
on the ambiguity and sometimes confusing structure and
expression patterns of CB2/CNR2 gene in different species
(Brown et al. 2002; Munro et al. 1993; Shire et al. 1996).
Using isoform-specific TaqMan probes, we have identified a
novel human hCB2A isoform that is expressed predominantly
in testis and at lower levels in brain regions of reward system
in contrast to hCB2B that is expressed predominantly in
spleen with very low expression in brain. We showed that
the different sizes (2.5 and 5.0 kb) of hCB2 mRNA observed
in Northern blot (Munro et al. 1993; Schatz et al. 1997)
were because of alternative polyadenylation of the extended
3′UTR of hCB2 mRNA. Mouse mCB2A and mCB2B are both
expressed predominantly in spleen with mCB2A expression
about five times higher in the expressed tissues. mCB2
knockout strain with the C-terminal deletion (Buckley et al.
2000) showed enhanced mCB2A and mCB2B promoter
activities that might reflect increased expression of the
truncated mCB2 receptor. The N-terminal-specific antibody
against mCB2 shall be used in the future experiment
to determine whether the truncated mCB2 protein is
indeed upregulated. The truncated mCB2 receptor might
introduce gain of function and influence interpretation of
pharmacological and behavioral experiment results on mCB2
knockout mice.
We also identified a rat rCB2360 short isoform (Griffin
et al. 2000) that contains a shorter intracellular C-terminus
peptide than previously identified rat rCB2410 long isoform
(Brown et al. 2002). The rCB2360 C-terminus intracellular
region is more homologous to human and mouse mCB2
C-terminal peptide than that of rCB2410 isoform. It is possible
that the B2 retroposon insertion into the 3′UTR of rCB2
alters the splicing pattern and created two cryptic alternative
splicing sites that caused a frame shift and generated
different intracellular C-terminal sequence of rCB2 protein,
which also was shown by different sizes of rCB2 mRNA
on Northern blot (Brown et al. 2002). Subsequently, Brown
et al. (2002) noted a G-to-T transversion following codon 343
of rCB2 might introduce a putative GT splice donor site that
initiates an intron. However, Ashton et al. found that the
54 nucleotides following the G-to-T transversion share high
identity with homologous hCB2 cDNA sequence including
the stop codon (Ashton et al. 2008). However, another cDNA
sequence (AF286722) from the same laboratory (Brown et al.
2002) contains upstream exon 1 spliced to the uninterrupted
exon 3 of the rCB2 with B2 retroposon insertion sequence.
Translation of this uninterrupted rCB2A sequence produced
the same C-terminal intracellular peptide sequence as did
rCB2360. It is very likely that the major rCB2 isoform is
rCB2360. We could not find G-to-T transversion or the B2
insertion in the rat strains that we used for the experiment.
The expression levels of rCB2360 and rCB2410 isoforms,
and the 3′UTR with or without B2 insertion, therefore,
could not be measured. It would be interesting to use
proteomic approach to identify rCB2360 and rCB2410 isoforms
once the G-to-T transversion and B2 insertion are identified
in rat strains. The C-terminal intracellular domain of CB2
interacts with Gi/o protein that is negatively coupled with
adenylyl cyclase (Bayewitch et al. 1995) and activates the
MAP kinase signal transduction pathway (Wartmann et al.
1995). The differences in rat rCB2360 and rCB2410 isoform
might influence the coupling of Gi/o with adenylyl cyclase
and downstream signal transduction because rat rCB2410
contains additional protein kinase A (PKA) and protein kinase
C (PKC) consensus sites (S393 and S399, respectively)
besides the common PKA consensus site (S336) that is
conserved in the CB2 isoforms of other mammalian species
(Fig. 5). It would be interesting to study the pharmacological
and behavioral differences of rat strains that contain different
C-terminal intracellular peptide sequences.
Retroposon B2 integration into 3′UTR of rCB2 might
also affect rCB2 expression. Retroviral integration was also
observed in mCB2 gene, and mCB2 3′UTR contains a
frequent provirus insertion site (Evi 11) after Ca-Br-M murine
leukemia virus (MuLV) inoculation of NIH/Swiss mice that
developed malignancies (Joosten et al. 2000; Valk et al.
1997). The special 3′UTR sequences of rodent CB2 and
the chromatin structure in this region might form an open
DNA conformation to attract retropositions as observed in
other genomic regions (Liu & Chan 1990). The B2 retroposon
insertion into similar 3′UTR of rat rCB2 gene might also
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change the expression of rCB2 and influence hematopoietic
differentiation.
The specific human hCB2A isoform that is expressed pre-
dominantly in testis might indicate that human hCB2 has a
potential function related to spermatogenesis and fertiliza-
tion. Chronic administration of (-) -9-tetrahydrocannabinol
(THC) induces impotence, reduction of testosterone and
decrease of sperm viability (Hall & Solowij 1998; Murphy
et al. 1994; Park et al. 2004). Mouse immature Sertoli cells
of testis express mCB2 receptor on the plasma membrane
with a CB2-specific agonist-binding profile (Maccarrone et al.
2003). Higher expression of hCB2A isoform in human testis
might render humans more vulnerable to male gametoxicity
by cannabinoids. The detailed localization of hCB2A in human
testis needs to be studied further by in situ hybridization and
immunohistochemistry using human testis biopsy samples
with specific nucleotide and antibody probes.
The species differences between the human and rodent
CB2 gene are striking. A meta-analysis of previous studies
showed significant differences in ligand-binding affinities
between hCB2 and rCB2 (McPartland et al. 2007a). Human
hCB2 gene is four times larger than that of rodents. If
the transcription rates are similar between human and
rodents, hCB2A isoform would take much longer time to be
transcribed in testis and brain. This is unusual because other
gene orthologs between humans and mice are usually within
onefold differences in genomic sizes. The CB2A promoter
distances to the spliced coding exon and the species-specific
splicing mechanisms might reflect tissue-specific expression
differences between humans and mice. CB2A isoform could
be detected in human and mouse brain regions at such
low levels of <0.1% and <1% of the highest expressed
CB2 isoform of human and mouse spleen expression,
respectively. However, a selective postsynaptic localization
pattern has been observed in rat hippocampus (Brusco et al.
2008). CB2A expression level was higher in mouse brain
than in human brain, but such immunohistochemical signals
of CB2 has yet to be found in human brain regions.
Such promoter-specific CB2-R isoform distribution may in
part explain why CB2-Rs were previously undetectable in
both human and rodent brains using PCR primers designed
in the region of CB2 exon 3 and Northern blot analysis (Brown
et al. 2002; Griffin et al. 1999; Munro et al. 1993). Our study
of CB2 isoform expression was more specific because the
TaqMan probes were designed to hybridize the promoter
exons and the major coding exon. TaqMan assay is more
sensitive than in situ hybridization that was unable to detect
significant mCB2 signals in mouse brain (Griffin et al. 1999;
Munro et al. 1993). The weak mRNA signals of CB2 in brain
would possibly be overcome by in situ PCR on brain slides
using CB2A-specific primers to determine cellular types that
express CB2A. Therefore, recent detection of mCB2 brain
expression in mice by immunohistochemistry (Baek et al.
2008; Brusco et al. 2008; Gong et al. 2006; Van Sickle et al.
2005) might not represent human CB2 brain expression
patterns because of different promoter activities in terms of
quantity and quality for tissue distributions between human
and rodents. The CB2 isoform-specific TaqMan probes could
differentiate the isoform-specific expression and are more
sensitive and specific than CB2 antibodies that are currently
available (N-terminal epitopes; Cayman Chemical Company,
Ann Arbor, MI, USA, and Sigma-Aldrich, St. Louis, MO,
USA., or C-terminal epitope; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA.) that could not distinguish CB2
isoforms. The controversial CB2 brain expression in the
literature could be of low expression of CB2A isoform in
brain regions and less-specific CB2 commercial antibodies
in immunohistochemistry studies, especially those studies
using antibodies against human hCB2 epitopes for rodent
brain immunostaining. The specificities of CB1 receptor
antibodies were also controversial because they could not
detect the native and transfected CB1 antigen, although
they recognized unspecific proteins in Western blot and
immunohistochemistry (Grimsey et al. 2008). The mCB2
knockout strain with ablation of N-terminal peptide of 156
amino acids (Deltagen, Inc., San Mateo, CA, USA) could
clarify the specificity of the antibodies that were used against
the N-terminal epitopes (human CB2 1–33 amino acids from
Sigma and human10–33 amino acids from Cayman Chemical
Company). Another CB2 knockout strain with ablation of C-
terminal peptide of 131 amino acids (Buckley et al. 2000)
could clarify the specificity of the antibodies that were used
against C-terminal epitopes (human CB2 301–360 amino
acids from Santa Cruz and rat 328–342 amino acids from
Ken Mackie’s lab) (Suarez et al. 2008).
CB2-specific agonists are under development for ther-
apeutic treatment of inflammatory and neuropathic pain
(Guindon & Hohmann 2008) with minimum psychoactive
effects (Malan et al. 2003). Although cannabinoids signifi-
cantly reduce chronic pain in animal models, they have less
analgesic effects in human participants (Malan et al. 2003).
The identification of novel human hCB2A isoform that is
expressed at low levels in different brain regions might
provide targets for any psychoactive side-effects for high
doses of CB2 agonist-mediated anti-nociception treatment
in humans that are not observed in mouse and rat mod-
els (Campbell et al. 2001). Another possible side-effect that
should be considered is associated with the reproductive sys-
tem because hCB2A is expressed at a high level in human
testis. The differential polyadenylation at 3′UTR that gener-
ates 2.5 and 5.0 kb human hCB2 mRNA species might target
hCB2 to different cell types and even different subcellular
localizations (An et al. 2008; Liu et al. 2005) that might also
differ from human and rodent.
The differential promoter activities and non-homologous
5′UTR and 3′UTR sequences in human and rodents might
explain differential anti-nociceptive effects of CB2 agonists
in human and rodent models. CB2 gene is conserved from
fish to human and only an ancestral CB-R sequence was
identified in some invertebrates (McPartland et al. 2006).
Human CNR2 gene structure and transcription mechanisms
are quite different from those of rodent Cnr2 gene. It
would be interesting to compare the human CNR2 gene
with other primate Cnr2 genes; however, the Cnr2 genomic
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sequences are still unavailable from other primate species
such as chimpanzee and rhesus monkey. The CB2-R gene
might evolve more rapidly in recent evolution time than
CB1-R (McPartland et al. 2007b) to generate such species
differences of CB2 gene structure, tissue expression and
regulation that should be taken into account for developing
analgesic drugs for different species. hCB2A gene is possibly
still evolving because many new transcripts first appear in
testes that possess the facilitated transcription mechanism.
Some functional genes could then migrate out of testes to
other tissues (Vinckenbosch et al. 2006).
One interesting result from our study is that the BTBR
T+tF/J strain that has been reported to exhibit autism-
like behavioral phenotypes showed a higher basal wheel
running activity and was significantly sensitive to a low
dose of BML-190 that induced wheel running activity in
the BTBR mice in comparison with vehicle-treated controls
(data not shown). Although recent data indicate increasing
rates of autism in children, future studies should investigate
the role of the cannabinoid system in the etiology of
autism spectrum disorders. Some recent events have linked
the anti-obesity drug Rimonabant, a CB1-R antagonist, an
appetite suppressant with a higher risk of depression and
suicide. However, our results showing an association of
CNR2 gene and depression in a human population (Onaivi
et al. 2008) and an animal model suggest that cannabinoid
CB2-R may be involved in the endocannabinoid signaling
mechanisms associated with the regulation of emotionality.
Thus, more studies are required to determine whether
CB2-R ligands have the risk of depression or suicide that
has led to the withdrawal of Rimonabant from use as an
appetite suppressant in control of obesity. The studies here
provide some of the first opportunities to elucidate candidate
promoter regions for the hCB2 gene of continuing interest.
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Abstract: Autism spectrum disorders (ASDs) are heterogenous neurodevelopmental disorders characterized by impair-
ment in social, communication skills and stereotype behaviors. While autism may be uniquely human, there are behavioral 
characteristics in ASDs that can be mimicked using animal models. We used the BTBR T+tf/J mice that have been shown 
to exhibit autism-like behavioral phenotypes to 1). Evaluate cannabinoid-induced behavioral changes using forced swim 
test (FST) and spontaneous wheel running (SWR) activity and 2). Determine the behavioral and neurochemical changes 
after the administration of MDMA (20 mg/kg), methamphetamine (10 mg/kg) or MPTP (20 mg/kg). We found that the 
BTBR mice exhibited an enhanced basal spontaneous locomotor behavior in the SWR test and a reduced depressogenic 
profile. These responses appeared to be enhanced by the prototypic cannabinoid, ?9-THC. MDMA and MPTP at the doses 
used did not modify SWR behavior in the BTBR mice whereas MPTP reduced SWR activity in the control CB57BL/6J 
mice. In the hippocampus, striatum and frontal cortex, the levels of DA and 5-HT and their metabolites were differentially 
altered in the BTBR and C57BL/6J mice. Our data provides a basis for further studies in evaluating the role of the  
cannabinoid and monoaminergic systems in the etiology of ASDs.  
Keywords: Cannabinoid, Monoamines, ?9-THC, Psychostimulants, MPTP, Behavior, Autism, BTBR T+tf/J mice. 
INTRODUCTION 
 Autism is a behaviorally defined neurodevelopmental 
disorder characterized by impairments in social interaction 
and communication and repetitive/stereotyped behaviors [1, 
2]. The cause of autism is not completely understood and 
there is no effective cure. However, genetic and environ-
mental factors and the interaction between genes and envi-
ronment are known to play a role in Autism Spectrum Disor-
ders (ASDs) [3-7]. A common genetic variant on chromo-
some 5p14.1 was shown to associate with ASDs using ge-
nome-wide association studies [6] and there are currently a 
number of other autism susceptibility candidate genes 
(ASCG) that may be involved [7]. New thinking and hy-
pothesis have been generated to include epigenetic mecha-
nisms in ASDs [8, 9]. This is because of the complexity of 
ASDs and the understanding that alteration of gene function 
could be due to a polymorphism in DNA sequence or epige-
netic programming changes of genes in the interaction with 
environment without change of DNA sequences [10].  
 We recognize that the symptoms of ASDs are difficult to 
model in rodents because of the absence of verbal communi-
cation and the variability of symptoms. Nevertheless, a  
number of relevant behavioral and social changes have been 
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documented in transgenic mouse models of ASDs. Specifi-
cally mouse behavioral tests modeling some of the core 
symptoms of autism have now been established [11]. The 
goal of this study, was to use the mouse model to determine 
the role if any of the endocannabinoid system in autism. This 
was accomplished using the BTBR T+tf/J mice with autism-
like behavioral phenotypes. The behavioral, morphological 
and neurochemical alterations in this model will allow us to 
test our hypothesis about the causes of autism, and may serve 
as an index for the evaluation of proposed treatment strate-
gies in combination with other transgenic models. The ra-
tionale for this novel hypothesis arises from the discovery 
that the endocannabinoid system is one of the most abundant 
physiological control systems in animals and humans. This 
system is intricately involved with embryo development and 
growth with limitless interaction with most biological sys-
tems including the monoaminergic systems. The endocan-
nabinoid system consists of genes that encode cannabinoid 
receptors, endogenous ligands that activate these receptors 
and the enzymes that synthesize, degrade and perhaps re-
uptake the endocannabinoids [12]. While the endocannabi-
noid system is ubiquitous and interacts with most biological 
systems, the role it plays in ASDs is unknown. We recently 
observed that the basal level of CB2A gene expression in the 
BTBR T+tf/J mice was upregulated in the cerebellum com-
pared to control mice [13]. Therefore, we have begun studies 
to determine the behavioral effects of cannabinoid ligands in 
the BTBR mice in comparison to control groups. 
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MATERIALS AND METHODS 
Animals 
 Adult male and female BTBR T+tf/J, C57BL/6J and 
129SI/SvImJ (S129) mouse strains were housed in individual 
cages with access to mouse chow 12 hr in the light and 12 hr 
in the dark. Experiments were conducted according to stan-
dard NIH guidelines and approved by Institutional Animal 
Care and Use Committee. 
Drugs 
 ?9-THC was obtained from our collaborators in NIDA 
intra-mural program and it was made up in a 1:1:18 solution 
of alcohol: emulphur: saline. MDMA, methamphetamine, 
and MPTP were obtained from our FDA collaborators. Ani-
mals were injected intra-peritoneal (i.p) using 1.0 and 10 
mg/kg doses of ?9-THC and the control animals were in-
jected with the vehicle. The doses of MDMA (20 mg/kg), 
methamphetamine (10 mg/kg), MPTP (20 mg/kg) or d-
amphetamine (5 mg/kg) were used. In all experiments all 
drugs were injected in a volume of 1ml/kg. 
EXPERIMENTAL PROCEDURE 
Motor Function Test 
 Spontaneous wheel running monitors were used to access 
motor activity and function. The standard wheel running 
activity monitors measures the counts per revolution and was 
used to access the spontaneous wheel running behavior of 
naïve mice and following acute treatment with the test com-
pounds and corresponding vehicle used. The wheel running 
activity of the animals were monitored by the auto-counters, 
for 10 minutes during the assessment of spontaneous wheel 
running activity following specific drug pretreatment times. 
Data was obtained as total number of revolutions over the 10 
min evaluation period. The performance of the animals fol-
lowing the acute administration of the test compounds to the 
mouse strains were compared to their respective vehicle 
treated controls. 
Forced Swim Test 
 The forced swim test (FST) paradigm was used. It con-
sists of a glass cylinder (16 cm diameter and height 35 cm) 
filled to a depth 15 cm with water (23-25oC). One glass cyl-
inder was used for each mouse and we tested six mice at a 
time using six glass cylinders and test observers. In this 
study a two-day swim test procedure was utilized first to 
access the basal performance of the different mouse strains. 
On the first day mice were placed in the glass cylinder with 
water to the specified depth, and all animals were exposed 
for 15-min pre-swim test prior to the 5-min forced swim test 
on day 2. Fresh water was introduced prior to each test. The 
test sessions were recorded by trained observers for consis-
tent data recording. The observer used stop watches and 
counters to record immobility times and counts respectively. 
The data recorded during the 5-min test session were the 
times the animals were immobile and also the number of 
immobility counts during the test session. Similar data was 
obtained for the vehicle treated naïve control animals. Dur-
ing the test session the duration of immobility was defined 
by the animal’s stationary position, and only made the mini-
mal movements necessary to keep the head above water. 
Neurochemical Analysis of Dopamine (DA) and  
Serotonin (5HT) and their Metabolites in Selected Brain 
Areas 
 Prior to preparation of animals for selected brain region 
dissection for neurochemical analysis, animals were sched-
uled for three saline or three drug injections that were given 
about 8 hrs apart for one day only. Mice in the different 
groups were injected with saline (n = 10) or these test com-
pounds (n = 10/per group): methamphetamine (10 mg/g); 
MDMA (20 mg/kg) or MPTP (20 mg/kg). After the comple-
tion of drug or vehicle administration, mice were housed one 
per cage for two days before the animals were sacrificed two 
days later, and the striatum, frontal cortex and hippocampus 
were dissected and frozen at -80oC. All frozen samples were 
shipped to the FDA for the neurochemical analysis. Briefly, 
tissues from the different groups were prepared for high per-
formance liquid chromatography (HPLC) combined with 
electrochemical detection to determine dopamine (DA), 3, 4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid 
(HVA), serotonin (5HT) and 5-hydroxyindole acetic acid 
(5HIAA). 
CANNABINOID GENOMIC ANALYSIS IN BTBR 
MICE 
 In a previous study Liu et al., 2009, [13], during the 
analysis of CB2-R gene expression in different brain regions 
of C57BL/6 mice treated with the mixed cannabinoid agonist 
WIN55212-2 (2mg/kg) for 7 days, we also analyzed CB2-
gene expression in non-injected BTBR mice. This was ac-
complished by the analysis of CB2A and CB2B gene expres-
sion in brain regions, testis and the spleen. Briefly, RNA was 
isolated using TRIzol reagent and cDNA synthesized using 
SuperScript III first strand synthesis system for RT-PCR 
(Invitrogen, Carlsbad, CA). The expression of CB2A and 
CB2B genes were compared by TaqMan real-time PCR with 
an ABI PRISM 7900 HT Sequence Detection System, using 
custom designed Fam-labeled MGB probes and primers for 
CB2A and CB2B (Applied Biosystems, Foster City, CA). 
The custom-designed mouse beta-actin Fam-labeled MGB 
probe was used for normalization [13]. 
Statistical Analysis 
 Prism-3 program, version 3.02 (Graphpad Software, Inc., 
San Diego, CA, USA) was used for statistical analyses, in-
cluding t-tests and analysis of variance (ANOVA). Data 
from motor function and forced swim tests were subjected to 
analysis of variance for multiple comparisons followed by 
Turkey’s test where appropriate. For CB1 and CB2 gene 
expression analysis, unpaired t-test was used. The accepted 
level of significance is P < 0.05. 
RESULTS 
Effects of ?9-THC, Psychostimulants and Disruption of 
Monoaminergic System by MPTP on Motor Activity in 
the Mouse Model of ASD 
 The naïve untreated BTBR mice exhibited an enhanced 
basal locomotor activity as recorded in the spontaneous 
wheel running test. The BTBR males had slightly higher 
activity than the females and the motor activity of the males 
of the C57BL/6J were significantly lower (p<0.05, N = 10) 
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than the activity of the BTBR males as shown in Fig. (1A). 
The effects of d-amphetamine treatment in the three mouse 
strains varied, with the S129 mouse showing significant lo-
comotor activation compared to both BTBR and C57BL/6J 
mice as shown in Fig. (1B). A similar response of male and 
female mice in motor activity was recorded following the 
acute treatment of BTBR and C57BL/6J, with metham-
phetamine and MDMA (Fig. (1C)). The motor activity of 
C57BL/6J male mice was significantly reduced compared to 
those of the BTBR mice after treatment with the dopaminer-
gic neurotoxin MPTP as shown in Fig. (1C). However, the 
motor activity of BTBR mice when compared to those of 
C57BL/6J and S129 mice were significantly reduced and 
more sensitive to the higher dose of 10 mg/kg ?9-THC used 
in this study as shown in Fig. (2C). At the doses used in this 
study ?9-THC actually enhanced motor activity in the 
C57BL/6J and S129 mice which were the control back-
ground mice for the BTBR animals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (1). The effects of psychostimulants (d-amphetamine, Methamphetamine and MDMA), and disruption of monoaminergic system by the 
neurotoxin (MPTP), in a mouse model of autism spectrum disorders. Panel A shows the basal motor activity of male and female BTBR and 
C57BL/J mice in the spontaneous wheel running (SWR) monitors; panel B is the effect of acute 10 min treatment with d-amphetamine (5.0 
mg/kg) on the performance of male BTBR and the male controls, S129 and C57BL/6J mice. Panel C shows the effects of acute administra-
tion of methamphetamine (10 mg/kg), MDMA (20.0 mg/kg) and MPTP (20 mg/kg) in both male and female BTBR and C57BL/6J mice in 
comparison to their respective controls. The duration of the wheel running behavior was accessed over a 10 min period in all animals tested. 
* or ¶ represents statistical significance at p<0.05 as compared to the same gender. 
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Behavioral Effects of BTBR, C57BL/6J and S129  
Mice in the Forced Swim Test after Treatment with a  
Cannabinoid, ?9-THC: 
 The naïve BTBR mice demonstrated reduced immobility 
time and increased immobility count when compared to 
C57BL/6J and S129 mice in the FST, as shown in Fig. (2A). 
Surprisingly, in the FST, ?9-THC at the doses used did not 
modify the immobility time and counts of the BTBR mice 
when compared to the C57BL/6J and S129 mice as shown in 
Fig. (2B). 
Neurochemical Determination of DA and 5HT Levels 
and their Metabolites after Treatment with Metham-
phetamine, MDMA and MPTP 
 The levels of dopamine, serotonin and their metabolites 
were analyzed in the striatum, frontal cortex and the hippo-
campus after the treatment of different strains of mice with 
methamphetamine, MDMA and MPTP. Data on striatal DA 
and 5HT levels and frontal cortex 5HT levels are presented 
in Fig. (3). In this preliminary neurochemical analysis of 
DA, 5HT and their metabolite levels in the striatum, frontal 
cortex and hippocampus after the drug treatments, the levels 
of these monoamines and their metabolites were differen-
tially altered in the BTBR and C57BL/6J mice used, see Fig. 
(3). The variable levels of monoamines made it difficult to 
define a specific association of these changes with the under-
lying features in the mouse model of ASDs. There are how-
ever some striking observations that can be gleaned from the 
effects of the doses used in drug treatments and the analyzed 
comparative striatal data between BTBR and C57BL/6J 
mice: Methamphetamine lowered BTBR DA levels relative 
to controls with no effect on C57BL/6J DA levels whereas 
MPTP had no effect on DA levels in BTBR mice relative to 
their controls, but lowered C57BL/6J DA levels. On the 
other hand MDMA had little on no significant effect on ei-
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Behavioral effects of BTBR, C57BL/6J and S129 mouse strains in the FST. Panel A shows the basal levels of performance  
indicated by the time and number of immobility by the three mouse strains in the forced swim test model. Panel B is time and number  
of immobility after acute treatment of the mouse strains with ?9-THC (1 and 10 mg/kg) in comparison to vehicle treated controls. Panel C 
shows the influence of acute treatment of the mouse strains with ?9-THC (1 and 10 mg/kg) in the spontaneous wheel running activity  
monitors. * or + represents statistical significance at p<0.05 with strains and drug treatment in the behavioral measures. 
Consequences of Cannabinoid and Monoaminergic System Disruption Current Neuropharmacology, 2011, Vol. ?, No. ?    5 
ther BTBR or C57BL/6J DA levels in comparison to their 
respective controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). Neurochemical analysis of dopamine (DA) and sero-
tonin (5HT) levels in striatum and frontal cortex in BTBR and 
C57BL/6J male and female mice following a single day three 
times administration of either saline, methamphetamine (10 
mg/kg), MDMA (20 mg/kg) or MPTP (20 mg/kg). Regional 
brain areas were dissected 2 days later. Since there were no sig-
nificant sex differences the data was collapsed on the variable 
sex. Panel A is the striatal dopamine level in BTBR relative to 
C57BL/6J mice. Panel B is the frontal cortex dopamine level in 
the two strains of mice. Panel C is the striatal serotonin level. 
*Represents statistical significance at p<0.05 using a least 
squares means analysis. Significance tests were performed be-
tween the two strains of mice for each of the treatments inde-
pendently. 
Cannabinoid CB2A Gene Expression is Upregulated in 
BTBR Mice 
 We have previously shown that naive BTBR mice  
that have been reported to have autism-like behavioral phe-
notypes have an upregulated higher levels of CB2A gene 
expression in the cerebellum without treatment with  
cannabinoids. This upregulation occurred usually only after 
sub-acute treatment with a mixed cannabinoid agonist, 
WIN55212-2 in the C57BL/6J mice [13]. However, no sig-
nificant changes were observed in other brain regions includ-
ing frontal cortex and striatum - brain areas evaluated in the 
current study and the hypothalamus (data not shown). The 
expression level of CB2B in the mouse brain is lower than 
CB2A and the mRNA levels could not be reliably measured 
by TaqMan assay (data not shown). 
DISCUSSION 
 While autism may be uniquely human, we have investi-
gated the consequences of cannabinoid and monoaminergic 
system disruption in the BTBR T+tf/J mice that have been 
shown to exhibit autism-like behavioral phenotypes. We 
report that the BTBR mice exhibited an enhanced basal 
spontaneous locomotor behavior in the spontaneous wheel 
running (SWR) test, a measure of locomotor activity, that 
was reduced by the prototypic cannabinoid, ?9-THC. In ad-
dition, this enhanced spontaneous wheel running behavior 
was sexually dimorphic as the motor activity in the naïve 
male BTBR mice was significantly higher than those of the 
naïve male C57BL/6J mice without significant alteration in 
the female mice. Furthermore, the doses of the psychostimu-
lants, d-amphetamine, methamphetamine and MDMA used 
in this study did not modify the SWR behavior in the BTBR 
mice whereas MPTP reduced SWR activity in the control 
CB57BL/6J mice. One characteristic of ASDs is stereotype 
behavior characterized by high levels of repetitive self-
grooming behavior that has recently been shown to be re-
duced in the BTBR mice by methyl-6-phenylethynl-pyridine 
(MPEP) – an mGluR5 antagonist [14]. It is tempting to sug-
gest the evaluation of ?9-THC or other cannabinoids with 
reduced psychoactivity in irritability, tantrums and self-
injurious behavior associated with autistic individuals. This 
is because at the low doses used in this study, only the 
BTBR mice were sensitive to motor depressant effects of ?9-
THC when compared to those of C57BL/6J and S129 mice. 
This hypothesis is further supported by our data showing  
that the BTBR mice were also insensitive to the locomotor 
activation induced by psychostimulants and the neurotoxic 
effects of MPTP when compared to those of C57BL/6J and 
S129 mice. 
 An unusual behavioral phenotype characterized by exag-
gerated responses to stress in the BTBR mouse has been 
demonstrated [15]. The study showed that the BTBR mice had 
increased levels of the stress hormone corticosterone follow-
ing tail suspension, and a heightened anxiety response in the 
plus-maze test, when compared to C57BL/6J mice [15]. In 
our current study, there were marked strain differences in 
immobility times and counts in the FST model of depression 
and BTBR mice displayed a reduced immobility time and an 
enhanced immobility count compared to the control 
C57BL/6J and S129 mice. Curiously however, ?9-THC at 
the doses used in this study did not modify the immobility 
time and counts in BTBR mice when compared to the 
C57BL/6J and S129 mice whose immobility times and counts 
were differentially modified dose dependently by ?9-THC. 
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 The cause of autism is unknown, but there has been much 
progress and new knowledge with the environment, epige-
netics and genetic factors all playing some role in the etiol-
ogy of ASDs. For example multiple gene variants and ge-
nome-wide copy number variations have been reported in 
children with ASDs, but not in healthy controls [16]. Data 
from comparative genomics of autism and schizophrenia 
support the hypothesis that autism and schizophrenia repre-
sent diametric conditions with regard to their genomic un-
derpinnings and phenotypic manifestations [16]. Our data 
indicating that the BTBR mice have an abnormal regulation 
of DA functioning with an upregulated CB2A gene expres-
sion in naïve BTBR mouse of ASDs [13], and our finding 
indicating an increased risk of schizophrenia in patients with 
low CB2 receptor function [17], is in agreement with the 
hypothesis that autism and schizophrenia represent diametric 
conditions [16]. Moreover, more research needs to be done 
to understand the nature of the neurochemical changes re-
corded in our preliminary study in the hippocampus, striatum 
and frontal cortex, where the levels of DA and 5-HT and 
their metabolites were differentially altered in the BTBR and 
C57BL/6J mice. Thus our data provides a basis for further 
studies in evaluating the role of the cannabinoid and mono-
aminergic systems in the etiology of ASDs and whether the 
BTBR mice can model both schizophrenia and ASDs.  
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Review
The endocannabinoid system in critical
neurodevelopmental periods: sex differences
and neuropsychiatric implications
MP Viveros1, R Llorente1, J Suarez2, A Llorente-Berzal1,
M Lo´pez-Gallardo3 and F Rodriguez de Fonseca2
Abstract
This review focuses on the endocannabinoid system as a crucial player during critical periods of brain development, and how its disturbance either by
early life stressful events or cannabis consumption may lead to important neuropsychiatric signs and symptoms. First we discuss the advantages and
limitations of animal models within the framework of neuropsychiatric research and the crucial role of genetic and environmental factors for the
establishment of vulnerable phenotypes. We are becoming aware of important sex differences that have emerged in relation to the psychobiology of
cannabinoids. We will discuss sexual dimorphisms observed within the endogenous cannabinoid system, as well as those observed with exogenously
administered cannabinoids. We start with how the expression of cannabinoid CB1 receptors is regulated throughout development. Then, we discuss
recent results showing how an experimental model of early maternal deprivation, which induces long-term neuropsychiatric symptoms, interacts in a
sex-dependent manner with the brain endocannabinoid system during development. This is followed by a discussion of differential vulnerability to the
pathological sequelae stemming from cannabinoid exposure during adolescence. Next we talk about sex differences in the interactions between
cannabinoids and other drugs of abuse. Finally, we discuss the potential implications that organizational and activational actions of gonadal steroids
may have in establishing and maintaining sex dependence in the neurobiological actions of cannabinoids and their interaction with stress.
Keywords
Adolescence, animal models, cannabinoid receptors, early life stress, neuropsychiatric disorders, sexual dimorphisms
Preliminary considerations
Psychiatric disorders are a major burden for healthcare sys-
tems. Their high prevalence and social impact, especially for
caregivers, demand a major effort for their prevention and
treatment. Understanding the nature and origin of major psy-
chiatric disorders is one of the most challenging enterprises of
modern biomedical research because they are not simple
results of genetic defects, nor inevitable outcomes of life
events. The interaction between genetics and environment
during crucial phases of development, including early postna-
tal life and adolescence, seems to be the starting point of
endophenotypes of vulnerability to mental health problems.
As shown in Figure 1(A), the impact of specific external fac-
tors upon a genetically determined programme of develop-
ment can set the stage for the triggering of a psychiatric
disorder by external factors in adulthood. The present
review focuses on the role of the endogenous cannabinoid
system (ECS) as a target for both genetic determinants of
neural development and epigenetic alterations of brain mat-
uration, especially during adolescence.
Why animal models are useful in neuropsychiatry
One obvious limitation in developing animal models for psy-
chiatric diseases is that, due to the nature and complexity of
human symptoms, it is impossible to reproduce a disease in its
entirety. However, several experimental models have been
developed in an attempt to mimic specific signs of various
neuropsychiatric disorders. These procedures allow experi-
mental controls that are not possible in human studies,
and provide a valuable approach for the investigation of
neurobiological substrates.
The present review dedicates special attention to the
impact of early postnatal life events, focusing mostly on
animal studies that investigate the importance of the ado-
lescence phase. Adolescent behaviours are shared across
species; for example, adolescent rodents exhibit a particular
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behavioural repertoire that resembles human adolescent
behaviour, including high levels of exploration, novelty
and sensation seeking, impulsivity and an increased sensi-
tivity to incentives. These behaviours have been suggested
to help adolescents develop the social skills needed when
they become independent from their family or become
adults in their group. High levels of novelty/sensation-
seeking behaviours appear to be strong predictors of
drugs use among adolescents. In addition, while the brain9s
emotion-related areas and connections are still maturing,
adolescents are more vulnerable to psychological disorders
(for a review see Adriani and Laviola, 2004; Crews et al.,
2007; Laviola et al., 2003; Spear, 2000). Studying the ado-
lescent phase of animals as a model of human adolescence
is thus useful for investigating the risk for addictive and
other early onset neuropsychiatric disorders. The increasing
Figure 1. (A) Neural development may be disrupted by the action, during critical periods of life, of both endogenous (i.e. mutations or
alterations in the genetic contribution to normal development) or exogenous factors (i.e. epigenetic consequences of early life events, drugs,
hormones/endocrine disruptors, infections, etc). This disruption may lead to a new phenotype that may be either overtly expressed or silent. The
impact of a second insult in these altered phenotypes (i.e. exposure to stressors, drugs of abuse, etc) may lead in adult life to the onset of a
psychiatric disorder. (B) The ECS has been described as being one of the targets for the model described above. Either genetic alterations on
endocannabinoid signalling (i.e. mutation on the endocannabinoid degradatory enzyme ABH12 in humans) or the impact of epigenetic factors (i.e.
maternal deprivation, mild stress, exposure to drugs) may lead to overt/silent vulnerable phenotypes. Because of the well-known role of the ECS on
neural development and plasticity (modulation of neurogenesis, fate of neural precursors, survival, neuritogenesis and connectivity), the impact of
genetic/epigenetic factors during critical period may lead to altered circuitry in both non-cannabinoid (i.e. dopaminergic) and/or cannabinoid
signalling processes in adulthood. This new vulnerable phenotype has been proposed to contribute to the appearance of psychiatric disease when a
concurrence factor (a new stressor, abuse of drugs) occurs during adult life.
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risk of developing these disorders that emerge during ado-
lescence has encouraged the investigation of their neurobi-
ological basis, and this particular topic might serve to
highlight aberrations in the key developmental domains of
cognition, affect and motivational behaviour. While no
animal model can represent the full phenotypic spectrum
of a psychiatric disorder, such as schizophrenia or depres-
sion, specific phenotypic components of disorders can be
used to design adequate animal models that are useful to
unravel disease mechanisms and that may allow testing
novel therapeutic interventions (Adriani and Laviola,
2004; Giedd et al., 2008).
Genetic and epigenetic factors: the key for silent
phenotypes
The main psychiatric disorders, and schizophrenia in par-
ticular, are thought to be disorders of brain development.
As the brain approaches its adult anatomical and physio-
logical state in adolescence, both genetic and environmental
factors may initiate a pathological process that leads to the
emergence of the disease (for a review see Fatemi and
Folsom, 2009). Any animal model designed to test or inves-
tigate the neurodevelopmental hypothesis of mental disor-
ders must consistently consider the impact of genetic and
environmental factors. Furthermore, this consideration has
to address a very important aspect: the incidence of major
mental disorders (i.e. depression, psychosis, bipolar disor-
ders) peaks soon after the end of brain maturation, after
adolescence. As happens in humans, the animal model has
to provide a ‘silent phenotype’ that may be revealed in
adulthood by challenging the animal with external factors,
including environmental manipulations (i.e. housing,
feeding, temperature), stressors, drug administration, and
so on. This model may be addressed either in genetically
modified animals or in environmentally reprogrammed
ones, that is, animal models of exposure to controlled envi-
ronmental factors that may shift phenotypic expression.
Current methods allow control of the impact of external
factors from preimplantation stages to adolescence. For
instance, it has been demonstrated that the in vitro culture
of embryos (i.e. within in vitro fertilization technologies)
may lead to different phenotypes depending on the presence
of serum in the culture media (Ferna´ndez-Gonza´lez et al.,
2004). Prenatal stress (maternal immobilization) or early
postnatal stress (maternal deprivation) may produce long-
term changes in the brain of rodents that resemble pheno-
typic alterations found in humans. A major effort is now
focussed on identifying the key elements of such genetic–
epigenetic alterations that accumulate during development
of human pathologies. Major candidates for such silent
phenotypic alterations include signalling systems that
target either transcriptional regulation of genes relevant
for development, neural proliferation or cell fate and sur-
vival. Additional targets include genes controlling neural
plasticity and neurite connectivity. One such signalling
system is the ECS, which has been described as
being involved in main stages of neural development and
activity.
Developmental aspects of the
endocannabinoid system
The CB1 cannabinoid receptor is a key component of the
ECS, which consists of endogenous ligands called endocan-
nabinoids, typically anandamide (AEA) and 2-arachidonyl-
glycerol (2-AG), which act upon activation of cannabinoid
receptors (CB1 and CB2 receptors) as well as synthesizing
and degrading enzymes and potential endocannabinoid mem-
brane transporters. CB1 receptor is the predominant canna-
binoid receptor within the central nervous system, and is
highly expressed in brain regions involved in emotional pro-
cessing, motivation, motor activation and cognitive function
(Mackie, 2005). In addition to cannabinoid receptors, which
are the most-studied elements of the ECS, there are many
other genes involved in endocannabinoid production and
degradation whose role is only beginning to be understood.
Some of these genes were specifically described as genes reg-
ulating axonal growth and guidance, such as diacyl glycerol
lipase alpha, one of the major enzymes in 2-AG production
(Bisogno et al., 2003; Goncalves et al., 2008). Genetic deletion
of monoacyl glycerol lipase or ABHD6, two of the main
enzymes degrading endocannabinoids, causes endocannabi-
noid overload, resulting in altered developmental phenotypes
(for a review see Blankman et al., 2007; Lichtman et al., 2010;
Marrs et al., 2010). Interestingly, the first inherited defect of
endocannabinoid signalling described in humans has been
reported recently and affects one of the enzymes, ABHD12
hydrolase, which degrades 2-AG. The defect produces the
PHARC syndrome characterized by polyneuropathy, hearing
loss, ataxia, retinitis pigmentosa, and cataract (Fiskerstrand
et al., 2010), although further studies are needed to clarify the
role of the endocannabinoid contribution to this syndrome.
Among the multiple functions of the ECS there is evidence
for its role in neural development (Bermudez-Silva et al.,
2010; Cota, 2008; Moreira and Lutz, 2008; Viveros et al.,
2005a, 2005b, 2007; Wotjak, 2005), as well as its participation
in the specification of connectivity patterns (Galve-Roperh
et al., 2008; Mulder et al., 2008; Wu et al., 2010). Both CB1
receptors and endocannabinoid ligands can be detected in the
rat (Belue et al., 1995; Rodriguez de Fonseca et al., 1993) and
human (Mato et al., 2003) brain during early developmental
periods (Belue et al., 1995; Mato et al., 2003; Rodriguez de
Fonseca et al., 1993; Viveros et al., 2005a). In animal models,
AEA content has been observed to gradually increase during
early postnatal stages, reaching its maximum in the adoles-
cent brain (Harkany et al., 2007). Similarly, in rat brain
CB1 receptors exhibit a mainly postnatal pattern of develop-
ment, reaching maximal densities during adolescence
which later drop to adult expression levels, as detected in
the dorsal striatum (Belue et al., 1995; Rodriguez de
Fonseca et al., 1993).
During the perinatal period, a common atypical pattern of
CB1 receptor expression has been found both in rodents and
humans; high densities of CB1 receptors have been observed in
fibre-enriched areas that are practically devoid of them in the
adult brain. This transient pattern of CB1 receptor localization
in white matter areas during the prenatal stages suggests a
specific role of the ECS in neural development, which may
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be important for guidance processes that result in the estab-
lishment of cortical–subcortical connections (Belue et al.,
1995; Mato et al., 2003; Rodriguez de Fonseca et al., 1993).
At early developmental stages, the ECS seems both to influ-
ence the appearance of key cellular signals and to modify the
expression of genes that are relevant for neural development.
These ECS-mediated actions also involve axonal growth, fas-
ciculation and the establishment of correct neuronal connec-
tivity (Fernandez-Ruiz et al., 2004; Harkany et al., 2007;
Watson et al., 2008). In particular, during early phases of neu-
ronal development, endocannabinoid signalling is integral for
an array of processes including the proliferation and differen-
tiation of progenitor cells, neuronal migration, axonal guid-
ance, fasciculation, positioning of cortical interneurons,
neurite outgrowth and morphogenesis (Harkany et al., 2007,
2008a, 2008b). The importance of the ECS during early
developmental periods is further supported by the aberrations
that occur following disruption of normal endocannabinoid
signalling during ontogenetic phases. For example, pharmaco-
logical blockade of the CB1 receptor in mid-to-late gestational
periods impaired progenitor proliferation in the subventricular
zone, disrupted axonal pathfinding and resulted in cortical
delamination (Mulder et al., 2008), whereas, in utero exposure
to D-9-tetrahydrocannabinol (THC) hampered appropriate
interneuron positioning during corticogenesis and resulted in
an increase in the density of CCK-positive interneurons in the
hippocampus (Berghuis et al., 2005).
In humans, expression patterns of the CB1 receptor have
been found to increase dramatically from infancy to young
adulthood in regions such as the frontal cortex, striatum and
hippocampus (Mato et al., 2003). Rodent studies have pro-
vided further time- and region-specific data. We showed that
the ontogeny of the receptors in rat striatum, limbic forebrain
and ventral mesencephalon was relatively similar, exhibiting a
progressive increase that peaks on days 30 or 40 and then
subsequently decreases to adult values (Rodriguez de
Fonseca et al., 1993). In the female hypothalamus, AEA
levels are seen to peak at the onset of puberty and then decline
into adulthood (Wenger et al., 2002). More recent studies have
revealed clear developmental fluctuations throughout adoles-
cence in endocannabinoid levels in the nucleus accumbens
(NAcc) and prefrontal cortex (PFC), brain regions involved
in reward, motivation, and cognition. The most profound
alteration was the continuous increase in PFC AEA levels
throughout the adolescent period; concentrations were
almost three times higher in late than early adolescence.
However, 2-AG concentrations were lower in the PFC in the
later phases than in the beginning of the adolescent period, a
finding paralleled in the NAc. In addition, CB1 receptors were
found to vary in the PFC and NAc core during the different
phases of adolescence, although the alterations were less
marked than for endocannabinoid levels. These findings
emphasize dynamic alterations in endocannabinoid function
in mesocorticolimbic regions of the adolescent brain that are
relevant to reward and, to an even greater extent, cognition
and emotional learning, and underscore the specific associa-
tion of the ECS with neurodevelopment, not only for the peri-
natal period but also during adolescence (Ellgren et al., 2008).
Whereas most data available in the literature refer to expres-
sion of protein or mRNA for brain CB1 receptors, it would be
extremely interesting to examine the developmental changes of
CB1 receptor functional activity throughout these critical
developmental periods. It is plausible that the neurodevelop-
mental and morphogenic roles of endocannabinoids somehow
continue in adolescence, and it seems quite likely that disrup-
tion of normative endocannabinoid signalling during this time
period has long-term functional consequences on adult brain
function and behaviour. The implication of the ECS in brain
developmental processes may explain the negative effects of
cannabinoid consumption in adolescence on emotional and
cognitive function, as well as cognitive deficits observed in
children born to women who used marijuana during preg-
nancy (Mereu et al., 2003).
In our developmental study quoted above (Rodriguez de
Fonseca et al., 1993), we found subtle sexual dimorphisms in
the rat striatum and ventral mesencephalon but not the limbic
forebrain, and we did not find significant differences in the
expression of hippocampal CB1 receptors among neonatal
rats (Suarez et al., 2009). At adolescence (postnatal day
(PND) 43), subtle differences in the expression of hippocam-
pal CB1 receptors were found, with female rats showing lower
cannabinoid CB1 receptor density when compared with males
(Marco et al., 2007b). In contrast, clear sex differences in CB1
receptors are evidenced in adult rats that have been described
for both the expression and the functionality of hippocampal
CB1 receptor. Male rats show higher levels of hippocampal
CB1 receptor expression than females (Reich et al., 2009),
whereas female rats exhibit a pattern of higher CB1 recep-
tor-mediated G protein activation in hippocampal formation
when compared with male animals (Mateos et al., 2010).
Thus, it seems likely that sexual differences in CB1 receptor
expression (at least in certain regions such as the hippocam-
pus) are established beyond PND 40. Interestingly, however,
differential effects of diverse kinds of stress on hippocampal
CB1 receptor expression of male and female rats have been
found in both adult (Reich et al., 2009) and 13-day-old neo-
natal animals (Suarez et al., 2009), suggesting a role for orga-
nizational sex steroids during the perinatal period.
Interaction of early life stress with
the endocannabinoid system
Impact of early stress
Evidence indicates that traumatic experiences during early
developmental periods might be associated with psychopa-
thology (such as depression or schizophrenia) and altered
neuroendocrine function later in life (Levine, 2005; Moffett
et al., 2007; Tyrka et al., 2008), and several experimental
models have been developed in an attempt to mimic diverse
types of early life stress. One of the multiple mechanisms by
which these traumatic episodes affect brain development is
the activation of stress responses including glucocorticoid
receptors. Hormonal receptors are one of the most important
targets for epigenetic alterations of the developmental pro-
gramme. A main group of hormonal receptors are transcrip-
tion factors regulating gene expression. There is much
evidence that such receptors are involved in neurogenesis,
neural fate, differentiation and survival. Loss or inapprop-
riate secretion of these hormones often results in profound
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alterations in brain circuitry, affecting motor development,
sexual differentiation of the brain or cortical patterning (see
McCarthy, 2008 for a review on oestradiol actions on neuro-
development). Glucocorticoids, thyroid hormones and sex
steroids are among the hormones found to regulate brain
development, and all clearly affect the ECS (Asu´a et al.,
2008; Mailleux and Vanderhaeghen, 1993; Rodriguez de
Fonseca et al., 1994). For instance, congenital hypothyroid-
ism is associated with impaired expression of the cannabinoid
CB1 receptor in the striatum, resulting in hyperactivity.
Administration of thyroid hormone to hypothyroid pups
returns both spontaneous activity and CB1 expression to
normal levels (Asu´a et al., 2008). As described in multiple
observations, early life stress affects the ECS leading to
alterations in emotional processing, stress responses, dopami-
nergic function, and so on (del Arco et al., 2000; Moreno
et al., 2005; Rubio et al., 1995). We are beginning to unveil
how stress impacts on the ECS and how its disruption affects
permanently brain functions (Figure 1(B)). This example
also serves to highlight the difficulties in finding appropriate
controls for the developmental hypothesis, since minimal
manipulations may severely affect certain brain functions,
acting as confounding variables.
Maternal deprivation as a suitable animal model
One of the best-studied models of early life stress is maternal
deprivation (MD). Notably, adult rats submitted to a 24-h
episode of MD at PND 9 showed behavioural abnormalities
that resembled psychosis-like symptoms, including distur-
bances in pre-pulse inhibition (PPI), latent inhibition and
auditory sensory gating, and startle habituation. Regarding
possible underlying neurochemical correlates, several neuro-
transmitters systems involved in mental disorders have been
analysed. They include peptides such as neuropeptide Y
(NPY), involved in affective disorders, or glutamate transmis-
sion through the N-methyl-D-aspartate receptor, hypothe-
sized to be involved in positive and negative symptoms of
schizophrenia (Labrie and Roder, 2010).
Adult MD animals showed reduced levels of NPY in the
occipital cortex and hippocampal formation, and a significant
reduction in hippocampal levels of calcitonin-gene-related
peptide, polysialylated neural cell adhesion molecule and
brain-derived neurotrophic factor, and a significant decrease
in the mRNA levels of glutamate N-methyl-D-aspartate
receptor subunits NR-2A and NR-2B. These changes are sug-
gestive of a loss of synaptic plasticity and hypofunctionality
of the glutamatergic system, as recently postulated for schizo-
phrenia (for a review see Ellenbroek and Riva, 2003;
Ellenbroek et al., 2004). In addition we have shown that, at
adolescence, MD rats showed depressive-like behaviour, a
trend towards increased impulsivity (Marco et al., 2007a)
and altered behavioural, immune and endocrine responses
to cannabinoid agonists such as WIN 55,212-2 (Llorente
et al., 2007; Marco and Viveros, 2009). One of the most
prevalent hypotheses for the pathogenesis of schizophrenia
states that the disease is a neurodevelopmental disorder asso-
ciated with early brain developmental abnormalities (Lewis
and Levitt, 2002; Marek and Merchant, 2005; Weinberger,
1987). From this perspective, we expected that behavioural
deficits observed in mature MD animals might be related at
least partially to altered neural development, possibly trig-
gered by stress-induced increases in glucocorticoid levels.
Some of these effects resemble those observed after pharma-
cological manipulation of glucocorticoid tone during late
gestation and early lactation periods, indicating that gluco-
corticoid-derived actions may be mediating part of the
response to MD. In fact, MD acutely leads to high levels of
corticosterone (Suchecki et al., 1993) that remain elevated at
PND 13 in MD male and female rats (Llorente et al., 2008;
Viveros et al., 2009). In accordance with our hypothesis, we
described sex-dependent alterations in developing hippocam-
pal and cerebellar neurons and glial cells in MD neonatal rats,
with males being more markedly affected. Changes included
alterations of endocannabinoid levels, number of astrocytes
and corticosterone levels (Llorente et al., 2008, 2009; Lo´pez-
Gallardo et al., 2008). These alterations appear to support
our claim that MD neonatal stress may be a potential
model to analyse neuropsychiatric symptoms with a basis in
neurodevelopment.
Several lines of evidence support an association between
an altered ECS and the pathogenesis of schizophrenia. For
example, increases in CB1 cannabinoid receptor expression
have been found in the prefrontal cortex (Dean et al., 2001)
and cingulate cortex (Zavitsanou et al., 2004) of schizo-
phrenic patients. Also, elevated levels of the endocannabi-
noid AEA have been detected in the cerebrospinal fluid of
schizophrenics (Giuffrida et al., 2004; Leweke et al., 1999,
2007). Moreover, frequent cannabis use significantly
increases the risk for psychotic symptoms and schizophre-
nia (for a review see Di Forti et al., 2007; Leweke and
Koethe, 2008). In addition, as indicated above, the ECS
appears to play a major role in brain development. Based
on the previously reported psychosis-like symptoms in adult
MD animals and on our findings of cellular changes in
relevant brain regions such as the hippocampus, we
expected that MD might also induce alterations of the
ECS. Our results confirmed that neonatal MD animals
showed an increased level of the endocannabinoid 2-AG
and a decrease in hippocampal CB1 immunoreactivity. It
is important to stress that findings in both human and
animal models point to the participation of the ECS in
the pathogenesis of schizophrenia (or behavioural pheno-
types that serve as model of this disease). The nature of
the changes (location, intensity, direction, etc) and the
impact on cognitive and executive functions need to be
addressed in depth, taking into account the important spe-
cies differences that exist between rodents and humans.
These alterations were more marked in male animals
(Suarez et al., 2009). Concordant with the increased 2-AG
levels, we have found more recently that MD also induced a
significant decrease in hippocampal monoacylglycerol lipase,
the enzyme involved in the degradation of this endocannabi-
noid, as reflected by RT-PCR and immunohistochemistry.
This decrease, again, was more marked in males than in
females (Sua´rez et al., 2010). This sexual dimorphism was in
agreement with our previous results showing that 13-day-old
male rats were more affected than corresponding females
regarding hippocampal neuronal and glial alterations
(Llorente et al., 2008, 2009; Lo´pez-Gallardo et al., 2008).
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Moreover, two inhibitors of endocannabinoid inactivation
(the fatty acid amide hydrolase inhibitor N-arachidonoyl-
serotonin (AA-5-HT), and the endocannabinoid reuptake
inhibitor, OMDM-2) modulated the above-indicated hippo-
campal cellular effects induced by the MD stress (Llorente
et al., 2008). As a whole, these data support a clear associa-
tion between neurodevelopmental stress and dysregulation of
the ECS. This association may be relevant for schizophrenia
and other neurodevelopmental psychiatric disorders.
Moreover, we propose that the MD procedure may provide
a relevant experimental model to further address the role of
the ECS in brain development and its possible implications in
neurodevelopmental mental illnesses such as schizophrenia.
CB2 receptors have been traditionally considered as peripher-
ally located receptors, mainly expressed in immunological tis-
sues. These receptors have also been found within the central
nervous system on neurons and glial cells, but their expression
was mainly related to conditions of inflammation. However,
recent findings of brain CB2 receptors under normal condi-
tions suggest broader functional roles for these receptors in
the central nervous system (for review see Mackie, 2008;
Svizenska et al., 2008; Viveros et al., 2007). In our study on
the effects of MD on cannabinoid receptors, we provided evi-
dence for the presence of the CB2 receptor in the hippocam-
pus of neonatal rats of both sexes. Moreover, our data
demonstrated that CB2 receptors were clearly affected by
the MD procedure: MD male and female animals showed a
clear increase in CB2 receptor immunoreactivity.
As we have seen, MD induces strikingly contrary pat-
terns of changes on CB1 and CB2 receptors. The functional
significance of such changes needs to be addressed, but sug-
gests that there are functional links of some kind between
both types of cannabinoid receptors with respect to the
response to developmental challenges from the stress
imposed by MD. Another difference regarding both recep-
tors is that the CB2 type was affected equally by MD in the
two sexes, whereas CB1 showed a clear sexual dimorphism
with a more predominant decrease in the expression
observed on MD males (Suarez et al., 2009). In view of
recent reports on the presence of CB2 receptors in diverse
brain regions of adult rats and mice, and also considering
the present findings, the functional roles of CB2 receptors in
the brain of naive rodents clearly deserve further investiga-
tion. Interestingly, there are several recent papers that sug-
gest a role for CB2 receptors in neuropsychiatric diseases
(for review see Roche and Finn, 2010). For example,
Ishiguro et al. (2010) described a polymorphism in the
gene encoding for CB2 receptors associated with schizophre-
nia in a Japanese population, and showed that administra-
tion of a CB2 receptor antagonist worsened disruption of
PPI induced by the NMDA receptor antagonist MK-801
in rats (Ishiguro et al., 2010). The potential implication of
a role for the CB2 receptor in schizophrenia provides
another possible mechanism by which cannabis use could
affect psychoses such as schizophrenia. Moreover, studies
in mice overexpressing cannabinoid CB2 receptors indicated
that increased CB2 receptor expression significantly reduced
depressive-related behaviours, suggesting that the CB2 recep-
tor could be a new potential therapeutic target for depres-
sive-related disorders (Garcı´a-Gutie´rrez et al., 2010).
Adolescence as a critical
neurodevelopmental period
In addition to the perinatal period, adolescence represents
another critical developmental phase (Figure 1(A)) during
which the nervous system shows a unique plasticity. During
this period, the brain undergoes radical functional alterations
that are associated with a high degree of plastic structural
remodelling (Giedd et al., 1999; Gogtay et al., 2004;
Jernigan et al., 1991; Paus, 2005; Pfefferbaum et al., 1994;
Shaw et al., 2006; Sowell et al., 1999). Areas involved in plan-
ning and decision-making, including the prefrontal cortex –
the cognitive or reasoning area of the brain important for
controlling impulses and emotions – appear not to have yet
reached adult dimensions during the early twenties. The
brain’s reward centre, the ventral striatum, is more active
during adolescence than in adulthood, and the adolescent
brain is still strengthening connections between its reasoning-
and emotion-related regions (Sowell et al., 1999). It has been
proposed that adolescence involves a shift from greater limbic
to PFC control of behaviour, with an increase in the inhibi-
tory connections between these two regions (Spear, 2000).
These neural changes are believed to underlie a shift from
behaviour that is driven by affective impulses to more regu-
lated behaviour that is guided by consideration of future per-
sonal and social consequences (Nelson et al., 2005). Therefore
these findings suggest that cognitive control over high-risk
behaviours is still maturing during adolescence, making
teens more apt to engage in risky behaviours. In fact, adoles-
cence is defined by characteristic behaviours that include
high levels of risk taking, exploration, novelty and sensation
seeking, social interaction, activity and play behaviours. The
ages associated with adolescence are commonly considered in
humans to be approximately 12 to 20–25 years of age, and
PND 28–42 in rodents (Adriani and Laviola, 2004; Spear,
2000). A ‘window of vulnerability’ appears to exist during
the periadolescent period regarding the onset of certain neu-
ropsychiatric disorders such as schizophrenia and the effects
of drugs of abuse, in particular cannabis (Adriani and
Laviola, 2004; Fernandez-Espejo et al., 2009).
Sex-dependent long-term effects of
adolescent exposure to cannabinoids
Although the rate of marijuana use among youths aged 12–17
has remained stable during recent years (6.7%), marijuana
has been the illicit drug with the highest rate of dependence
or abuse in recent years (SAMHSA, 2008). The increasing use
of cannabis among adolescents and its associated public
health problems have led to a parallel increase in basic
research on appropriate animal models. Chronic administra-
tion of cannabinoid receptor agonists during the periadoles-
cent period causes persistent behavioural alterations in adult
animals. Some of these alterations may be related to a possi-
ble increased risk of psychosis and other neuropsychiatric
disorders. As we will discuss in the next section, the early
adolescent period is being identified as a phase of develop-
ment particularly vulnerable to at least some of the adverse
effects of exposure to cannabinoid compounds. For example,
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Schneider and Koch (2003) showed that chronic pubertal
treatment with the cannabinoid agonist, WIN 55,212-2,
resulted in impaired memory in adulthood, whereas if the
chronic treatment with the drug was administered during
adulthood, it did not lead to behavioural changes
(Schneider and Koch, 2003). In another study, a 21-day treat-
ment with the cannabinoid receptor agonist CP 55,940 in 30-
day-old rats resulted in a lasting impairment of working
memory (O’Shea et al., 2004) and, again, these later
behavioural changes were observed in adolescent but not
adult drug-treated rats. A more recent study performed in
male rats has shown that pubertal, but not adult, chronic
WIN 55,212-2 administration induced persistent disturbances
in object and social recognition memory (indicating impair-
ments in working memory and social memory, respectively)
and led to social withdrawal and alterations in social
behaviour and self-grooming. Furthermore, acute administra-
tion of WIN 55,212-2 induced more severe effects on
behavioural performance in pubertal than in adult rats
(Schneider et al., 2008). Exposure of male rats to chronic
THC caused greater lasting memory deficits and hippocampal
alterations in adolescent than adult rats (Quinn et al., 2008).
In support of these experimental data, early onset cannabis
users (who began smoking before age 17) exhibit poorer
cognitive performance than late-onset users (who began
smoking at age 17 or later) or control subjects, especially in
verbal IQ (Pope et al., 2003). On the other hand, O’Shea et al.
(2006) found that chronic exposure to the cannabinoid
agonist CP 55,940 during perinatal, adolescent or early adult-
hood induced similar long-term memory impairments in male
rats. To explain the different results with respect to their pre-
vious study performed in female rats (O’Shea et al., 2004, see
above), they claimed that adult males might be more vulner-
able than adult females to some detrimental effects of canna-
binoids, such as cognitive effects. In line with this proposal,
we have recently shown that, in the novel object recognition
test, males were more vulnerable than females to the detri-
mental effects of a protocol of chronic adolescent administra-
tion of CP 55,940 (Mateos et al., 2010). Our results also
indicated that in the object location task, only the females
showed a significantly impaired performance in response to
adolescent cannabinoid exposure (PND 28–43), suggesting
that diverse aspects of memory function may be differentially
affected in each gender (Mateos et al., 2010). Rubino et al.
(2009) showed that a subchronic treatment with THC from
PND 35–45 resulted, in adulthood (PND 75), in a worse per-
formance in the radial maze, although no alteration was
found in aversive memory (passive avoidance) (Rubino
et al., 2009). Thus, it seems that the long-term residual effects
of adolescent chronic cannabinoid exposure are gender and
task dependent. The duration and onset of the treatments are
also important factors that may affect outcomes, but it seems
clear that, in all cases, the effects of cannabinoids on cognitive
function are deleterious and can be observed after a long
wash-out period.
Another important point concerns the specific composi-
tion of the plant (‘cannabis brands’). Recent data suggest
that D-9-THC and cannabidiol (CBD), the two main ingredi-
ents of the Cannabis sativa plant, can have opposite effects on
certain regional brain functions, which may underlie their
different symptomatic and behavioural effects, and the poten-
tial ability of CBDs to somehow ‘buffer’ the detrimental (psy-
chotogenic) consequences of THC (Bhattacharyya et al.,
2010). A potential explanation for this interaction may be
the recently described properties of CBD as an antagonist
of CB1 and CB2 receptors (Thomas et al., 2007). In fact, the
ratio of CBD and THC seems to have changed in an unfa-
vourable manner in current ‘cannabis brands’. This might
underscore the higher risk of adverse (and long-lasting) con-
sequences of marijuana consumption during adolescence.
Nevertheless, more information is urgently needed in order
to further clarify the extent to which CBD can in fact
diminish the detrimental effects of THC, and which specific
effects. A better understanding of the effects of CBD per se
and in combination with THC requires more studies in which
the drugs are administered chronically. This approach may
also help to further clarify the potential therapeutic effect of
CBD. In this regard animal models are a very useful tool.
Patterns of drug abuse have been recently reviewed
(Greenfield et al., 2010). The rate of current illicit drug use
is higher for males than for females. Accordingly, males are
more likely than females to be past-month users of marijuana
(7.9% vs. 4.4%). In spite of this fact, the rate of current use of
marijuana among females has notably increased during recent
years, while the rate has not changed significantly for males
(SAMHSA, 2008). In agreement with findings in rodents,
human studies also suggest the existence of gender differences
as regards cannabis-induced cognitive impairment in young
people (Pope et al., 1997), although much more research is
necessary in evaluating sexual dimorphisms. It is very likely
that the long-term cognitive effects of adolescent cannabinoid
exposure are related to fewer synaptic contacts and/or less
efficient synaptic connections throughout the hippocampus,
and this could represent the molecular underpinning of the
cognitive deficit induced by adolescent cannabinoid treatment
(Rubino et al., 2009). Moreover, it is tempting to speculate
that a differential effect on synaptic plasticity could be found
depending on the gender of the animals in parallel with dif-
ferential behavioural impact. A possible link between the
impaired memory observed specifically in males pre-exposed
to cannabinoids in the novel object test and the increased
functional activity of their CB1 receptors (Mateos et al.,
2010) might be the CB1-mediated inhibition of glutamatergic
and GABAergic neurons involved in mnemonic circuits
(Ferraro et al., 2009; Larkin et al., 2008; Viveros et al., 2007).
In addition to cognitive effects, other cannabinoid effects
have been also shown to be sexually dimorphic. For instance,
we addressed the behavioural features of adult rats which had
been exposed to chronic treatment with CP 55,940 (0.4mg/
kg) during the juvenile period (from 35–45 days of age). We
used a battery of tests which provide complementary data
about diverse aspects of the spontaneous behaviour of the
animals and their anxiety-related responses. In the holeboard
test, CP 55,940-treated females showed decreased general
motor activity, and a significantly increased head-dipping
duration (an exploratory parameter). In contrast, males trea-
ted with CP 55,940 in the above-described juvenile period
showed a significant decrease in exploratory activity, whereas
their general motor activity was not modified. Our results also
indicated that the animals treated with CP 55,940 in youth
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(days 35–45) showed anxiolytic-like responses in adulthood,
as measured in the plus-maze and in an illuminated open field
(Biscaia et al., 2003). However, the effects on anxiety-related
responses appear to be dependent on the duration of the
pharmacological treatment, and perhaps the test employed,
since other authors, using different protocols and/or test of
anxiety have reported long-term increases in anxiety as a
result of adolescent cannabinoid exposure (Viveros et al.,
2005a). As for other types of emotional response, Rubino
et al. (2008) demonstrated that chronic administration of
THC in adolescent rats induced subtle but lasting alterations
in the emotional circuit ending in depressive-like behaviour in
adulthood, and that this effect was observed in female but not
in male rats.
Chronic peripubertal cannabinoid exposure:
an animal model for specific signs
of psychosis
Cannabis is one of the most abused drugs among teenagers,
and the maturational processes that occur during adolescence
are likely to confer this age group a higher risk of suffering
from adverse consequences of cannabinoid exposure.
Cannabis consumption has been related to detrimental emo-
tional and cognitive consequences. In particular, a great
health concern has arisen given its association with depression
(Degenhardt et al., 2003) and with an increased risk of psy-
chosis (Di Forti et al., 2009; Fernandez-Espejo et al., 2009).
In this section, we will focus on cannabinoid-induced neuro-
psychiatric disorders, with special emphasis on psychotic
symptomatology.
Based on a large amount of data from animal studies,
an association between early and/or heavy chronic canna-
binoid use and detrimental long-term consequences to those
at risk for schizophrenia has been concluded. Prospective
longitudinal epidemiological studies may provide evidence
for a higher incidence of neuropsychiatric disorders in par-
ticipants who have consumed cannabis during adolescence.
However, the ultimate proof of a causal relationship
between cannabis use and psychotic illness later in life
would come from studies in which healthy young people
were exposed to THC and followed-up until adulthood.
Obviously, for practical and ethical reasons, such an
approach is impossible. In fact, among many other impor-
tant health risks, it is well known that cannabis induces
harmful effects on cognitive function (Nordentoft and
Hjorthoj, 2007; Solowij and Michie, 2007; Solowij et al.,
2002). On the other hand, such studies can be performed in
animals under well-controlled conditions. Hence, such
animal models can shed light on the underlying neurobio-
logical mechanisms, and on the relationship between can-
nabis use and schizophrenia. A dysregulation of the ECS
may be implicated in the pathogenesis of schizophrenia.
The peripubertal period appears to be critical for the
development of cannabinoid CB1 receptors and endocanna-
binoid levels (Rodriguez de Fonseca et al., 1994; Wenger
et al., 2002). Therefore, it is conceivable that chronic inter-
ference by cannabis with the developing ECS during this
critical time interval leads to severe and persistent
functional impairments (Schneider and Koch, 2007) that
might reflect, at least in part, psychosis-related symptoms.
Adolescent animal models have proven to be useful in ana-
lysing the association between adolescent cannabis use and
the long-lasting development of psychotic symptoms. For
example, chronic pubertal treatment with the cannabinoid
agonist, WIN 55,212-2, resulted in impaired memory in
adulthood as well as in a disrupted PPI of the acoustic
startle response and lower breakpoints in a progressive
ratio operant behaviour task (Schneider and Koch, 2003).
Since PPI deficits, object recognition memory impairments,
and anhedonia/avolition are among the endophenotypes of
schizophrenia, the authors of this study proposed chronic
cannabinoid administration. More recently it was confirmed
that chronic pubertal WIN 55,212-2 treatment induced a
long-lasting PPI deficit in adult rats as well as persistent
changes of neuronal activity assessed by c-Fos protein
quantification in several brain regions under basic condi-
tions and in response to dopaminergic drugs (Wegener
and Koch 2009). Interestingly, chronic WIN 55,212-2-trea-
ted rats not only showed a higher baseline Fos IR in the
NAcc, a key structure of the mesolimbic reward system,
but within this region also responded differently to dopa-
minergic drugs. The change in neuronal activity may
represent a neuronal correlate for the effects of pubertal
WIN 55,212-2 exposure on behavioural alterations observed
during adulthood, possibly affecting the adult organism’s
response to certain drugs of abuse (Wegener and Koch,
2009). As in the vast majority of these kind of studies,
this one was performed in male rats. In the next section
we will see that in fact adolescent exposure to cannabinoids
results in increased responses to other drugs of abuse, with
this effect showing clear sexual dimorphisms.
The CB1 agonist CP 55,940 has been reported not only to
impair PPI in rats but also auditory gating and neuronal syn-
chrony in limbic areas such as the hippocampus and entorhi-
nal cortex, as evaluated through theta field potential
oscillations (Hajos et al., 2008). It seems clear that, at least
in rats, cannabinoid agonists impair auditory gating function
in the limbic circuitry, supporting a connection between can-
nabis abuse and schizophrenia as evaluated through this
animal model. As a whole, the data described above indicate
that chronic pubertal cannabinoid treatment in rats results in
long-lasting behavioural alterations reflecting certain charac-
teristics of schizophrenia symptomatology, such as deficits in
sensorimotor gating, impaired memory, reduced motivation
and inappropriate and deficient social behaviour. In addition,
sensorimotor gating deficits were able to be restored by acute
injections of the typical antipsychotic haloperidol. Moreover,
the atypical antipsychotic drug quetiapine is able to acutely
restore deficits in social behaviour induced by developmental
cannabinoid exposure, and even exert some persistent benefi-
cial effects. All these data provide support and validity
for the suitability of chronic pubertal cannabinoid adminis-
tration as an animal model for aspects of psychosis and
schizophrenia (Leweke and Schneider, 2011; Malone et al.,
2010). It would be very interesting to directly address possi-
ble sexual dimorphisms regarding increased risk of showing
schizophrenic-like symptoms in adolescent animals exposed
to cannabinoids.
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Interactions between cannabinoids and other
drugs of abuse
It is well known that, in adult rodents, cannabinoid receptor
agonists induce biphasic effects on anxiety (Viveros et al.,
2005b) that may depend on the dose and the action on amig-
dalar–hypothalamic circuits involving corticotropin releasing
factor (Rodriguez de Fonseca et al., 1996). However, when we
evaluated the effects of the same cannabinoid agonist on the
anxiety-related responses (plus-maze) of young 40-day-old
male and female rats, the data indicated a different profile,
suggesting that the anxiolytic response may be dependent on
age. The most relevant result of these experiments was the
lack of anxiolytic-like effects of CP 55,940, even at very low
doses (0.1mg/kg). On the other hand, the cannabinoid ago-
nist induced anxiogenic-like effects at doses of 0.1 and 0.5mg/
kg, and females appeared to be more vulnerable than males to
the anxiogenic effect of the drug (Viveros et al., 2005a).
Nicotine and cannabis, which share some biological actions
(including biphasic effects on anxiety), are used frequently in
combination, particularly among adolescents and young
adults, and therefore the study of their functional interactions
is of special interest (Viveros et al., 2006). We were interested
in the interactions of these drugs regarding possible synergis-
tic or antagonistic effects in relation to anxiety, as this may
help to understand one possible reason for, and consequences
of, the simultaneous use of the two drugs. For example, stu-
dents reported that they smoked tobacco to reduce the seda-
tive effects of cannabis and to increase and prolong the
rewarding effects of cannabis (Tullis et al., 2003). We
addressed the effects of a subchronic treatment with nicotine
upon acute anxiety-like responses to the cannabinoid receptor
agonist CP 55,940 in adolescent rats of both genders. In
males, the combination of sub-threshold doses of the two
drugs resulted in a significant anxiogenic-like effect. On the
other hand, females appeared to be more vulnerable to the
anxiogenic effect of the cannabinoid, and this effect was
antagonized by nicotine (Marco et al., 2006). The observed
sexual dimorphism suggests that the combined use of nicotine
and cannabis may have a very different effect on the emo-
tional status of male and female adolescents, which might
influence the pattern and motivations of its consumption.
According to the phenotypic causation (gateway) model,
early initiation of cannabis use may be a risk factor for the
consumption of other drugs of abuse (Lynskey et al., 2003),
although the alternative ‘correlated liabilities’ model proposes
that cannabis and other illicit drug use is influenced by cor-
related genetic and environmental factors (Agrawal et al.,
2004). Here also, the use of animal models has been very
useful in analysing possible neurobiological substrates for
these interactions. Sex-specific patterns of consumption
during all phases of drug addiction are well documented
(for a review see Fattore et al., 2009). However, most of the
experimental research in the field of drug abuse has been car-
ried out on males. Ellgren et al. (2007), in a study performed
on male rats, demonstrated that exposure to THC in adoles-
cent animals produced an increase in heroin self-administra-
tion, preproenkephalin mRNA expression and the expression
of met-enkephalin and mu-opioid receptors in adulthood.
More recently we examined whether chronic periadolescent
exposure to the cannabinoid agonist CP 55,940 (0.4mg/kg,
PND 35–45) could exert sex-dependent effects on morphine
self-administration and the endogenous opioid system in
adult rats. Periadolescent cannabinoid exposure altered mor-
phine self-administration and the opioid system in adult rats
in a sex-dependent manner. CP 55,940 did increase the acqui-
sition of morphine self-administration under the FR1
schedule in males but not females. In addition, adolescent
CP 55,940 exposure decreased mu-opioid receptor function-
ality in the NAcc shell only in males (Biscaia et al., 2008).
According to our results, decreased mu-opioid-coupled
G-protein activity occurred in the NAcc shell of male rats
exposed prenatally to THC, with no changes in the NAcc
core or caudate putamen (Spano et al., 2007). Together,
these data suggest that cannabinoid exposure in early stages
of development and adolescence produces perdurable changes
in mu-opioid receptor functionality that are specific to the
NAcc shell, which is one of the brain regions most closely
related to natural and drug-induced reward (Di Chiara,
2002). The direction of sex differences regarding long-lasting
effects of adolescent cannabinoid exposure on self-adminis-
tration of other drugs of abuse may depend on the specific
nature of the drug. By using a similar (though not identical)
protocol as the one employed regarding the effects of adoles-
cent CP 55,940 on morphine self-administration (Biscaia
et al., 2008), Higuera-Matas et al. (2008) analysed the long-
term effects of a chronic treatment with the same dose of CP
55,940 during adolescence (0.4mg/kg, P28–P38) on adult
acquisition and maintenance of cocaine self-administration.
During the acquisition phase, female CP 55,940-treated
rats showed a higher rate of cocaine self-administration as
compared with vehicle-treated females and males, whereas
no differences were found between both male groups
(Higuera-Matas et al., 2008).
Mechanisms underlying gender differences:
brain sexual differentiation
The original organizational–activational hypothesis of brain
sexual differentiation has inspired a multitude of experiments
demonstrating that the perinatal period is a time of maximal
sensitivity to gonadal steroid hormones. According to this
hypothesis, exposure to steroid hormones early in develop-
ment masculinizes and defeminizes neural circuits (structural
changes), programming behavioural responses to hormones
in adulthood. Upon gonadal maturation during puberty, tes-
ticular and ovarian hormones act on previously sexually dif-
ferentiated circuits to facilitate expression of sex-typical
behaviours (activational effects) (Handa et al., 2008;
Schwarz and McCarthy, 2008). Recent data have shed new
insights into the mechanisms underlying sex differences. Thus,
it has been proposed that the adolescent brain, undergoing
remodelling, is organized a second time by gonadal steroid
hormones secreted during puberty. This second wave of brain
organization would build on and refine circuits that were
sexually differentiated during early neural development. If,
in fact, steroid-dependent organization of behaviour occurs
during adolescence, this prompts a reassessment of the
developmental time-frame within which organizational effects
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are possible (Schulz et al., 2009). As for the sexual dimor-
phisms affecting the ECS and its diverse psychophysiological
implications (for a review see Viveros et al. 2010), the number
of carefully controlled studies designed to assess the organi-
zational (i.e. in utero, neonatal) and/or activational (i.e.
acute) roles of gonadal steroids in initiating and maintaining
the disparities is limited. This is particularly problematic
for human studies, where developmental, circadian and/or
menstrual changes in the hormonal milieu are rarely, if
ever, accounted for in the proper way.
In animal studies, endocrine status can be more precisely
controlled. We showed that cannabinoid CB1 receptor density
in the medial basal hypothalamus, and expression in the ante-
rior pituitary, varies over the course of the oestrous cycle
(Rodriguez de Fonseca et al., 1994) – with the lowest levels
observed during oestrus – and, in the case of the latter, is
higher in males than in females and is increased following
ovariectomy in an oestrogen-reversible manner (Gonzalez
et al., 2000). This also appears to be the case with regard to
cannabinoid self-administration, as gonadally intact female
rats exhibit a higher rate of acquisition and maintenance
than gonadally intact males, while ovariectomy reduced the
levels of self-administration (Fattore et al., 2007). This sug-
gests that CB1 receptor expression is sexually differentiated in
a regionally specific way, and subject to acute activational
suppression by oestrogen. While there is clearly a prevalence
of sex/gender differences in diverse biological processes regu-
lated by cannabinoids, more work needs to be done in order
to further our understanding of how gonadal steroids orga-
nize these disparities during in utero and neonatal develop-
ment, and maintain them throughout life. The ideal way to
test for sex differences in a given cannabinoid effect is to per-
form direct comparisons between castrated male and female
subjects.
Concluding remarks
Animal models have clearly demonstrated that the ECS is a
relevant contributor to brain development. Disruption of its
functioning in critical periods may lead to silent phenotypes
of vulnerability to mental health problems. These alterations
may be derived from genetic disruptions or environmental
modulations that may lead to epigenetic alteration of the
ECS, as revealed by early stress-induced alterations in
methylation patterns of the cannabinoid CB1 gene (Franklin
et al., 2010). This work clearly shows how well-known devel-
opmental factors that account for enhanced incidence of
major mental disorders may also modulate the ECS, or even
produce their impairment through this signalling system.
The MD model has been shown to be instrumental in
establishing this relevant role for the ECS. The importance
of the ECS as a key target for epigenetic factors stresses the
importance of controlling cannabis exposure during critical
developmental periods, mainly in adolescence.
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a b s t r a c t
Early maternal deprivation (MD), 24 h of dam-litter separation on postnatal day (PND) 9, has been
proposed as a suitable animal model to investigate some neuropsychiatric disorders with a base in
neurodevelopment that also compromises metabolic and endocrine homeostasis. Atypical antipsychotics
are frequently prescribed to children and adolescents as first-line treatment for several mental disorders
despite the adverse metabolic effects frequently reported. However, persistent long-term effects after
adolescent drug therapy have been scarcely investigated. In the present study we aimed to investigate
the long-lasting metabolic and behavioral effects of MD in combination with the administration of an
atypical antipsychotic, i.e. olanzapine, during adolescence.
For that purpose, male and female Wistar rats not exposed (control group, Co) and exposed to the MD
protocol were administered with oral olanzapine (Olan, 7.5 mg/kg/day) or vehicle (Vh, 1 mM acetic acid)
in drinking water from PND 28 to PND 49. Body weight gain, glycaemia and plasma triglyceride (TG)
levels were evaluated as relevant metabolic parameters. MD significantly diminished body weight gain,
while Olan administration only induced a subtle decrease in body weight gain among female animals in
the long-term. Olan discontinuation decreased plasma TG levels in adult rats, an effect that was coun-
teracted by neonatal exposure to the MD protocol. Both MD and Olan treatment impaired cognitive
function in the novel object recognition test, although no interaction between treatments was observed.
Neither MD nor Olan administration affected psychotic-related symptoms evaluated in the prepulse
inhibition task, although animals treated with Olan showed an increased reactivity to the first acoustic
stimulus. MD diminished the corticosterone stress-induced response among females, and reduced the
expression of CB1 receptors in the hippocampus of both male and female rats. Notably, Olan adminis-
tration tended to counterbalance these two MD-induced effects (i.e. corticosterone response and CB1
receptor expression).
Present findings provide evidence for the long-lasting effects of neonatal MD and Olan administration
during adolescence, and suggest some sex-dependent interactions between these two protocols. Further
research on the interactions between early life stress and antipsychotic drugs is urgently needed, and sex
differences should be consistently considered both in animal models and in translation to human studies.
This article is part of a Special Issue entitled ‘Schizophrenia’.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Early brain developmental abnormalities, often related to
early traumatic experiences, have been extensively associated to
a wide range of psychopathologies, including schizophrenia
(Levine, 2005; Lewis and Levitt, 2002; Tyrka et al., 2008).
Consequently, several animal models have been developed in an
attempt to mimic some of the neurobehavioral impairments of
early life stress (Marco et al., 2011). In particular, early maternal
deprivation (MD), 24 h of dam-litter separation on postnatal
day (PND) 9, has arisen as a suitable animal model to inves-
tigate some neuropsychiatric disorders with a base in neuro-
development (Ellenbroek et al., 2005; Marco et al., 2009; Viveros
et al., 2009). At adulthood, maternally deprived animals showed
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behavioral abnormalities that resemble psychotic-like symptoms
(Ellenbroek and Riva, 2003) as well as a marked cognitive
impairment (Llorente et al., 2011). Despite animal models for
psychiatric diseases would never be able to entirely mimic the
human pathology, they are highly valuable for the investigation
of underlying neurobiological substrates and for the discovery of
new pharmacological targets. Actually, maternally deprived
animals exhibit neurobiological changes suggestive of a loss of
synaptic plasticity and hypofunctionality of the glutamatergic
system within the hippocampus (Ellenbroek and Riva, 2003;
Llorente et al., 2011), impairments recently postulated for the
etiopathogenesis of schizophrenia. An increased prevalence for
metabolic disorders has been reported for schizophrenic
patients, and, similarly, a disruption in metabolic homeostasis
has been described among maternally deprived animals
(Llorente et al., 2011; Viveros et al., 2010a,b). More recently, early
maternal deprivation has been reported to alter the developing
endocannabinoid system within the hippocampus (Llorente
et al., 2008; Suarez et al., 2009, 2010). Thus, the investigation
of the endocannabinoid system in this animal model becomes of
great relevance given the pivotal role played by the endocanna-
binoid system in brain development (Anavi-Goffer and Mulder,
2009; Harkany et al., 2007) and in psychiatric disorders,
including schizophrenia (Fernandez-Espejo et al., 2009; Muller-
Vahl and Emrich, 2008).
Second-generation antipsychotics are frequently prescribed in
children and adolescents as first-line treatment for schizophrenia
and other mental disorders despite the metabolic adverse side
effects often reported. Inadequate weight gain and obesity, hyper-
tension, and lipid and glucose abnormalities are common meta-
bolic side effects of great concern for the long lasting consequences
of this drug therapy. Moreover, the particular vulnerability of young
people to these metabolic side effects seems to predict adult
obesity, metabolic syndrome, and cardiovascular morbidity (see
Findling et al., 2005; Vitiello et al., 2009 for reviews). Therefore, the
evaluation of the long-term outcomes of early antipsychotic
administration in animal models regarding endocrine and meta-
bolic function becomes of increasing relevance. In addition, to the
best of our knowledge few data on the cognitive consequences of
antipsychotic treatment in children are currently available (Aman
et al., 2008), and possible long-term effects have been scarcely
investigated.
MD is a neurodevelopmental animal model suitable for the
evaluation of psychiatric signs that also compromises metabolic
and hormonal parameters. Oral administration of atypical anti-
psychotics provides a valuable model for the study of the long-
term effects of these drugs administered at a critical window of
brain development, i.e. adolescence. Thus, in the present study we
aimed to investigate the long-lasting effects of MD in combination
with a pharmacological therapy with an atypical antipsychotic, i.e.
olanzapine, during adolescence. Given the gender differences
described in schizophrenia and in antipsychotic responses (Abel
et al., 2010) and the numerous sexual dimorphisms reported in
the MD animal model (Viveros et al., 2009), rats of both sexes
were considered in the present study. Therefore, herein we have
investigated the long-term neurobehavioral and metabolic
consequences of these two treatments, i.e., MD and adolescent
Olan administration, in male and female Wistar rats. Body weight
gain, glycaemia and plasma triglyceride levels have been evaluated
as relevant metabolic parameters; cognitive function (novel object
recognition), psychotic-related symptoms (prepulse inhibition
response) and stress responsiveness (stress-induced corticoste-
rone response) have been employed for the behavioral evaluation,
and our attention has also focused on the expression of CB1
receptors within the hippocampus given the role played by the
endocannabinoid system in psychiatric disorders [see (Fernandez-
Espejo et al., 2009; Muller-Vahl and Emrich, 2008) for review], and
in metabolic homeostasis (Viveros et al., 2008). We expected
present findings to open new avenues in the understanding of the
persistent metabolic side effects of adolescent atypical antipsy-
chotic administration in normal (control) subjects and in indi-
viduals with an increased vulnerability to psychopathology (MD
animals).
2. Materials and methods
All the experiments performed in this study are in compliance with the Royal
Decree 1201/2005, October 21, 2005 (BOE n 252) about protection of experimental
animals, in accordance with the European Communities Council Directive of 24
November 1986 (86/609/EEC) and in close agreement with a protocol approved by
the local Animal Ethics Committee. In the present study, all efforts were made to
minimize animal suffering and to reduce the number of animals used.
2.1. Animals
Experimental subjects were the offspring of albino Wistar male and female
rats purchased from Harlan Interfauna Ibérica S.A. (Barcelona, Spain) mated (one
male two females) in our stabulary room approximately 2 weeks after their
arrival. Animals were housed in Macrolon III cages (50 2514 cm). Ten days
after, males were removed from the cages and dams were left singly housed until
delivery. On the day of birth (postnatal day 0, PND 0), litters were sex-balanced and
culled to 8 pups per dam (4 males and 4 females). At weaning (PND 22), animals
were distributed in pairs of sibling animals of the same sex. A total of 96 rats coming
from 12 litters were used. All animals were maintained at a constant temperature
(221 C) and humidity (501%) in a reverse 12-h dark-light cycle (lights on at
20.00 h), with free access to food (commercial diet for rodents A04/A03; SAFE, Augy,
France) and water.
2.2. Maternal deprivation
The maternal deprivation (MD) protocol took place on postnatal day, PND 9 as
previously described (Llorente et al., 2007). In brief, on PND 9, half of the litters were
submitted to 24 h ofmaternal deprivation, i.e. dams removed from their home-cages
at 09.00 h and pups left undisturbed in their corresponding home-cage (in the same
stabulary room) for 24 h, until PND 10, when dams were re-placed in their corre-
sponding home-cages.
2.3. Drug
Olanzapine (Olan, Toronto Research Chemicals, Ontario, Canada) was orally
administered at a dose of 7.5 mg/kg/day in drinking water during the adolescent
period, from PND 28 to PND 49. Olan solution was prepared according to Terry
et al. (2008) and following Dr. Frost advice (personal communication). Olan
stock solution was prepared at a concentration of 6.25 mg/ml in 0.1 M acetic acid,
stored at 4 C and used within three weeks from preparation. Olanzapine was
diluted with deionized (ultrapure) water (Milli-Q Gradient A10 Biocel Synthesis,
Millipore S.A., Molshein, France). Liquid consumption was monitored daily, and
the dose of the drug was adjusted daily on the basis of liquid consumption
according to Terry et al. (2008). Control animals received acetic acid 1 mM
(vehicle), since 0.1 M acetic acid solution was diluted with deionized (ultrapure)
water (1:100). For water consumption monitoring, animals were provided
everyday with an initial volume of 120 ml, measuring every day at the same hour
the remaining amount of liquid by weighing the bottles. Freshly prepared solu-
tions were provided everyday in plastic bottles wrapped with an opaque black
plastic cover.
According to previous literature, the Olan dosage used in the present study
achieved plasma levels generally considered therapeutic in humans (Terry et al.,
2008; Prof. Frost, personal communication). Moreover, a similar dose range of
Olan administration has been reported to produce D2 receptor occupancies
comparable to clinical occupancy levels (i.e., in the range 60e80%) (Kapur et al.,
2003; Perez-Costas et al., 2008). Therefore, Olan administration (7.5 mg/kg/day in
drinking water) in rats can be considered as a clinically comparable dosing regime.
2.4. Body weight control
Body weight was registered at PND 9 and PND 10, just before and by the end of
the 24 h MD episode. Since animals were only identified after weaning (by a pen
mark in the tail) the mean body weight of the male or female pups from a certain
litter was used for the statistical analyses. Bodyweightwas further registered during
the pharmacological treatment, from PND 27 to PND 49, and once a week thereafter
until PND 73. PND 27 was used as the reference value for the calculation of indi-
vidual body weight increment.
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2.5. Behavioral testing
2.5.1. Novel object test (NOT)
The novel object test (NOT) was performed as described by (Ennaceur and
Delacour, 1988) with some modifications according to previous studies per-
formed in our laboratory (Mateos et al., 2011). The apparatus was a squared arena
(60 cm 60 cm 45 cm) with matte-painted metallic walls and a plastic-covered
wooden floor. The test has 3 phases: i) Habituation to the arena (without objects)
for 5 min per day during four consecutive days (from PND 56 to 59). The first
habituation session was video recorded for subsequent registration of animals’
behaviors by observation of the animal (RCV, Cibertec, Madrid, Spain) and to
evaluate locomotor activity by video tracking (SMART version 2.5.20, Panlab,
S.L.U, Barcelona, Spain); ii) Training (PND 60): animals were allowed to freely
explore two identical objects (two plastic boxes, named as F1 and F2) until they
had explored the objects for 30 s or a maximum period of 4 min; ii) Test:
following an inter-trial interval of 4 h, animals were tested for novel object
recognition (PND 60). During the test session, rats were allowed to freely explore
one familiar object (F1 or F2) and a new object (metallic coloured box, N) for
3 min. In all sessions objects were placed in the back corner of the arena at
a distance of 5 cm from the wall, and their position was randomly changed
between the two opposite corners of the arena to avoid object and/or place
preference. Each session started by placing the animals at the centre of the
apparatus facing the opposite wall with respect to the objects. After each test
session was completed, both the objects and the apparatus were carefully cleaned
with a 20% ethanol solution.
Both training and test sessions were video recorded (Sony DCR-DVD310E) and
the total time animals spent exploring the objects during sessions was subsequently
registered (RCV, Cibertec, Madrid, Spain). The discrimination index (DI) was calcu-
lated as the difference between the time spent exploring the novel object (N) and the
time spent exploring the familiar one (F1 or F2) by the total time spent exploring the
two objects during the test session [N F/(Nþ F)]. It has been previously reported
that rats’ tendency to discriminate between the familiar and the novel objects on the
novel object recognition test diminishes after the first 2 min of the test trial (Dix and
Aggleton, 1999; Mumby et al., 2002). In addition, during the first minute of the test
session animals had explored the objects for more than the 50% of the total time of
exploration. Therefore, the DI for the first minute was employed for the statistical
analysis. Animals exploring less than 30 s during the training session and those
exploring exclusively one of the objects during the test session were excluded from
the analyses.
2.5.2. Prepulse inhibition (PPI)
The startle device consisted of a non-restrictive Plexiglas cage
(28 16 cmvariable height) which encloses the sensor’s platform but does not
touch it. If the animal moves up or down, a transient force is developed on the
platform. This transient force is measured at its peak, being the measure of the
amplitude of the startle response. Startle movements of the rat were transduced by
an accelerometer and the data was monitored through a computer by using the
MONRS v2.0 software (Cibertec S.A., Madrid, Spain). The startle response was
recorded during 100 ms following the pulse. The startle device was located in
a sound-attenuating chamber (5614 58 cm) constantly illuminated and equip-
ped with a loudspeaker located in the top of the chamber.
Rats, at PND 70-71, were placed in the startle chamber for a 5 min habitu-
ation with a 65 dB white background noise. Then, 10 startle trials (120 dB, 20 ms
in duration) were presented alone. Startle stimulus reactivity was considered as
the magnitude of the startle response on the initial stimulus presentation thus
providing a measure of startle reactivity uninfluenced by habituation and
sensitization. For the PPI measure, animals were exposed to 10 blocks of five
trials consisting on the exposure 1) to no startle stimulus (baseline activity,
65 dB), 2) to a startle stimulus alone (120 dB, 20 ms in duration), and 3) to
a startle stimulus occurring 100 ms after the auditory prepulse (73, 75 or 80 dB,
20 ms in duration). The startle stimuli were presented at a variable inter-trial
interval of 10e20 s and the occurrence of each trial type was semi-random
with the restriction that each trial type had to occur in every five trial block.
The cage was cleaned with a 20% ethanol solution between animals. The amount
of PPI is expressed as the percentage (%) decrease in the amplitude of the startle
response caused by presentation of the prepulse and was calculated according
to the formula: 100 [(startle stimulus reactivity startle stimulus reactivity in
the presence of a prepulse)/startle stimulus reactivity] (Geyer and Swerdlow,
2001).
2.6. Stress-induced corticosterone response
Immediately after exposure to the PPI protocol, a blood sample was collected
from the tail (Llorente-Berzal et al., 2011) in EDTA capillary tubes (Sarsted, Gran-
ollers, Spain). Samples were centrifuged (3000 rpm, 15 min, 4 C) and stored 30 C
until endocrine analyses. Corticosterone was measured using a solid phase 125I
radioimmunoassay (ImmuchemTM Corticosterone 125I RIA kit for rats and mice, MP
Biomedicals, Orangeburg, NY). The detection limit was 7.7 ng/mL and the intra-assay
and inter-assay coefficients of variation were less than 10%.
2.7. Metabolic parameters: glycaemia and triglycerides levels
Blood samples were collected from the tail at PND 39 (during the pharmaco-
logical treatment) and at PND 49 (after cessation from the pharmacological treat-
ment) in EDTA capillary tubes (Sarsted, Granollers, Spain) according to Llorente-
Berzal et al. (2011). At PND 75, animals were sacrificed by decapitation and blood
samples were collected from the trunk in 4 ml vacuum tubes with K3 EDTA 7.2 mg
(VACUTEST KIMA slr, Arzergrande, Italy). Glucose levels were directly measured in
blood samples by using Glucocard G-sensor (Arkray Factory Inc., Shiga, Japan).
Blood samples were centrifuged (3000 rpm for 10 min) for plasma extraction and
samples were stored at 30 C until triglycerides level evaluation by using a color-
imetric kit (RANDOX Laboratories Ltd., Antrim, UK). The test is linear up to
11.4 mmol/l (1000 mg/dl) of triglycerides concentration. All samples were run in
duplicate.
2.8. CB1 receptor protein analysis
Animals were sacrificed by rapid decapitation at PND 80. Brains were rapidly
extracted and bilateral hippocampi were dissected on ice, weighed and stored
at 80 C until their use. The tissue samples were homogenized at a ratio of 1:3
(w/v) in ice-cold lysis-buffer with protease inhibitors (Roche), and 20 mg of total
protein were separated by 10% SDS-polyacrylamide gels and transferred to nitro-
cellulose membranes (Bio-Rad, Trans-Blot Transfer Medium). Blots were probed
with rabbit polyclonal anti-cannabinoid CB1 receptor, diluted 1:250 (Thermo
Scientific), and for loading control with monoclonal antibody anti-b-actin, diluted
1:750 (Sigma). Immunoreactive protein bands were visualized using the enhanced
chemiluminescence (ECL) detection kit (Bio Rad, Immun-Star HRP Chemilumines-
cent Kits) according to the manufacturer’s instructions and quantified by densi-
tometry using ImageJ software 1.43 (NIH, USA).
Using the molecular mass marker as reference, the protein band we obtained
was determined to correspond to a mass of approximately 20 kDa. This size is very
close to that of 23 kDa reported by the supplier and Twitchell et al. (1997). The anti-
CB1 receptor antibody used recognizes residues 1e77 of the CB1 receptor by
Western blot; actually this antibody detects protein bands of w23 kDa, w60 kDa,
w72 kDa, andw180 kDa from rat brain homogenate, all bands previously related to
the cannabinoid receptor (the larger, 70-kDa species might reflect differential
glycosylation and the lower Mr species may represent proteolytic fragments)
(Twitchell et al., 1997). Despite in previous studies the most abundant protein
species for CB1 are around 52e60 kDa (consistent with the monomeric CB1 species
with various extens of glycosylation), several smaller and larger proteins bands are
also reported and, in the present investigation, one of the proteolytic fragments of
the CB1 receptor was detected (see for example Cichewicz et al., 2001; Egertova and
Elphick, 2000; Grimsey et al., 2008; Shire et al., 1995). Western blot values were
corrected using the internal membrane protein control of load b-actin (Fig. 6, panel
A). The relative optical density of the blots frommale control-vehicle (Co-Vh) group
was used as reference (100%) and data of the other experimental groups were
expressed as percentage referred to Co-Vh males.
2.9. Statistical analysis
Data were analyzed using a three-way analysis of variance (ANOVA), with
factors being sex (male or female), neonatal manipulation (Co or MD) and phar-
macological treatment (Vh or Olan). To satisfy the assumption of normality for the
ANOVA, data were transformed when necessary (i.e. rearing frequency was
normalized by a rank-based transformation). In case a normal distribution could not
be achieved by transforming the data, the Kruskal Wallis non parametric test was
performed. Post hoc comparisons (Tukey) were performed with a level of signifi-
cance set at p< 0.05. Additional ANOVAs split by one of the independent factors (sex
or pharmacological treatment) were performed to further clarify the observed
results. Statistical analyses were performed by the SPSS 17.0 software package (SPSS
Inc., Chicago, IL, USA).
3. Results
3.1. Body weight gain
As expected, the neonatal MD protocol significantly diminished
body weight gain measured at PND 10 [F(1,20)¼ 61.20, p< 0.001]
and at this early developmental stage no sex difference was evident
for body weight gain. Control males and females gained weight
from PND 9 to 10 (Control males increased in mean 3.621.89 g
and females 3.721.94 g). However, 24 h of MD provoked
a significant weight loss in bothmale and female rats (MDmale lost
in mean 0.810.74 g and females 0.78 0.14 g).
At the beginning of the pharmacological treatments, at PND 27
(Table 1) a significant overall effects of sex [F(1,90)¼ 5.67, p< 0.05]
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and neonatal treatment [F(1,90)¼ 74.45, p< 0.001] were found. As
expected, female rats exhibited lower body weights than males at
this early age, and the protocol of MD significantly reduced body
weight in both sexes.
During the pharmacological treatment (Fig. 1, panel A) a signif-
icant overall effect of age [F(1,80)¼ 7491.30, p< 0.001] was found.
Sex differences were robust [F(1,80)¼ 138.06, p< 0.001], the
neonatal treatment failed to induce a significant effect in the long-
term [F(1,80)¼ 3.18 p¼ 0.078] and no differences in body weight
gain were observed due to Olan administration. Males’ growth rate
was higher than females’ during adolescence, and neither the
neonatal manipulation nor the pharmacological treatment affected
animals’ weight gain profile during the drug administration period.
Similarly, after discontinuation of the pharmacological treatment
(Fig. 1, panel B) age [F(1,86)¼ 2422.94; p< 0.001] and sex
[F(1,86)¼ 763.83; p< 0.001] clearly influenced body weight gain.
Animals’ growth was higher among males compared to females,
but no major changes in body weight gain were observed as
a consequence of MD or Olan administration. Only a minor effect
following Olan discontinuation was reported in the long-term
among females [at PND 67, F(1,42)¼ 5.01; p< 0.05; and at PND
73, F(1,42)¼ 4.39; p< 0.05] where a reduction in body weight gain
was observed.
3.2. General activity
Regarding animals’ general activity (Table 2) sex differences
were achieved for motor-related parameters. A significant overall
effect of sex was rendered for total ambulation [F(1,88)¼ 32.28,
p< 0.001] and frequency of rearing [F(1,88)¼ 34.08, p< 0.001]. As
expected, females displayed higher levels of motor (horizontal and
vertical) activity than males. Significant interactions between sex
Fig. 1. Evolution of body weight gain of male (left panel) and female (right panel) rats during (A) and after (B) the administration of the pharmacological treatment. Body weight
gain (mean S.E.M.) is expressed in grams (g) as the difference in body weight from each experimental day and PND 27, which was established as the reference day. Control (Co) or
animals exposed to the early maternal deprivation protocol (MD, 24 h at PND 9) were administered with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from
PND 28 to 49). n¼ 10e12 animals per experimental group. ANOVA (p< 0.05), (c) significant overall effect of drug treatment.
Table 2
General activity.
Total
ambulation (m)
Rearing
frequency
Internal
time (%)
Males Co e Vh 13.3 1.3 19 4 3.3 1.1
Co e Olan 14.9 1.1 26 2 2.7 0.6
MD e Vh 16.7 0.9 24 3 5.8 2.0
MD e Olan 16.2 1.0 31 4 5.8 1.4
Females Co e Vh 19.0 0.9a 45 4a 5.0 1.0a
Co e Olan 21.5 1.4a 45 7a 5.6 1.2a
MD e Vh 20.2 1.4a 35 3a 4.4 1.2a
MD e Olan 19.9 1.4a 38 5a 4.2 1.0a
Data are expressed as mean SEM from control (Co) or animals exposed to the early
maternal deprivation protocol (MD, 24 h at PND 9) and administered with vehicle
(Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from PND 28 to 49).
n¼ 12 per experimental group. ANOVA (p< 0.05).
a Significant overall effect of sex.
Table 1
Body weight before the beginning of the pharmacological treatment.
Males Females
Control 74.1 1.4 72.4 0.9a
Maternal deprivation 65.8 1.0b 62.5 0.8a, b
Animals’ body weight (mean SEM) expressed in grams (g), at PND 27, before the
beginning of the pharmacological treatment. n¼ 24 animals per experimental
group. ANOVA (p< 0.05).
a Main effect of sex.
b Main effect of maternal deprivation.
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and neonatal treatment were achieved in the three-way ANOVAs of
rearing frequency data [F(1,88)¼ 4.33, p< 0.05] and percentage of
time spent exploring the interior of the arena [F(1,88)¼ 4.69,
p< 0.05]. Further analyses split by sex revealed significant effects of
the neonatal manipulation exclusively among males [total ambu-
lation: F(1,44)¼ 5.03, p< 0.05 for males and F(1,44)¼ 0.01, n.s. for
females; percentage of time spent exploring the interior of the
arena: F(1,44)¼ 4.25, p< 0.05 for males and F(1,44)¼ 0.79, n.s. for
females]. Inmales, MD induce increased levels of locomotor activity
and time spent exploring the interior of the arena, thus possibly
suggesting decreased levels of emotionality as a consequence of the
neonatal episode of MD. Regarding the frequency of rearing,
a significant main effect of the drug was found among males; that
is, adolescent Olan administration seemed to have increased the
frequency of rearing posture that may be not only an index of
vertical motor activity, but may also be considered as a measure of
exploratory activity.
3.3. Novel object test (NOT)
The NOT test was correctly performed since animals spent more
time exploring the novel object than the familiar one during the
first minute of the retention test (Mumby et al., 2002). The analysis
of the DI (see Fig. 2) revealed a significant effect of MD on this
memory index [H(1)¼ 4.98, p< 0.05), that is, animals neonatally
exposed to the MD protocol showed a significant impairment in
recognition/short-term memory. Despite the Olan treatment failed
to achieve a significant effect on the DI analysis [H(1)¼ 1.95, n.s.),
Olan administration during adolescence seemed to decrease short-
term memory among control animals [H(1)¼ 4.36, p< 0.05],
although no such an effect was observed among MD rats.
3.4. Prepulse inhibition
Analysis of the startle stimulus reactivity (Fig. 3, panel A),
considering body weight as a covariate, revealed a significant sex
per treatment interaction [F(1,69)¼ 6.05, p< 0.05]. Olan tended to
increase startle reactivity exclusively among males [F(1,35)¼ 3.87,
p¼ 0.057] without any influence of previous life events.
When analyzing MD effects on PPI, and its possible interactions
with the adolescent treatment with Olan, the prepulse intensity
was included as a repeated measure in the ANOVA. Prepulse
intensity significantly affected the percentage decrease in the
amplitude of the startle response [F(2,138)¼ 62.55, p< 0.001]. No
significant overall effects or interactions were found for sex,
neonatal manipulation and/or pharmacological treatment. Thus,
under our experimental conditions, no differences in sensorimotor
gating seemed to arise as a consequence of the exposure to the
early MD or the administration of Olan during adolescence (Fig. 3,
panel B).
3.5. Metabolic parameters
Plasma glucose and triglycerides levels were determined during
Olan administration (PND 39), at the end of the drug treatment
(PND 49), and by the end of the experimental procedure (PND 75).
3.5.1. Glycaemia
Plasma glucose levels, in Table 3, changed along development
[age: F(2,154)¼ 20.55, p< 0.001). A significant sex effect was found
[F(1,77)¼ 33.59, p< 0.001] with males presenting higher plasma
glucose levels than females, no matter the age. No statistical
differences due to the neonatal or the pharmacological treatments
were found at any postnatal day.
3.5.2. Triglycerides levels
A significant effect of age was found [F(2,146)¼ 39.24,
p< 0.001]. Triglycerides (TG) levels decrease as a function of age.
No other significant effects were found. However, independent
analyses at each time point indicated that adolescent Olan
administration induced a long-lasting (PND 75) decrease in plasma
TG levels among both male and female control animals, while an
opposite effect (i.e. increase in TG levels) was observed as a conse-
quence of Olan treatment among MD animals (Fig. 4).
Fig. 2. Novel object test (NOT) performed on PND 60 (see text for details). Control (Co)
or animals exposed to the early maternal deprivation protocol (MD, 24 h at PND 9)
were administered with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during
adolescence (from PND 28e49). Histograms (mean S.E.M.) represent the discrimi-
nation index (DI, see text for methodological details). Kruskal Wallis test (p< 0.05), (b)
significant overall effect of MD; (c) significant overall effect of drug treatment among
Co animals.
Fig. 3. Prepulse inhibition test (PPI) performed on PND 70e71 (see text for details). A. Startle reactivity (mean S.E.M.) and B. Averaged prepulse inhibition (PPI) index to three
different pre-pulse intensities (73, 75 and 80 dB) (mean S.E.M.). Control (Co) or animals exposed to the early maternal deprivation protocol (MD, 24 h at PND 9) were administered
with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from PND 28e49). ANOVA (p< 0.05), (c) significant overall effects of drug treatment.
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3.6. Circulating corticosterone levels
Plasma corticosterone levels after exposure to the prepulse inhi-
bition protocol, that includes stressful noise stimuli previously repor-
ted to activate the HPA axis (Britton et al., 1992; Patz et al., 2006), are
shown in Fig. 5. As expected, a clear sexual dimorphismwas found for
circulating corticosterone levels [F(1,74)¼ 181.82, p< 0.001] with
females exhibiting higher plasma corticosterone levels than males.
Significant overall effects were also achieved for both the neonatal
manipulation [F(1,74)¼ 9.19; p< 0.01] and the pharmacological
treatment [F(1,74)¼ 5.46, p< 0.05]. The corticosterone response to
noise stress (i.e. exposure to the prepulse inhibition protocol) was
reduced amongMD animals, but such an effect was absent in animals
administered with Olan at adolescence. A more in detail analyses of
this endocrine parameter indicated that the neonatal and pharma-
cological treatment did not interferewith the corticosterone response
to stress inmaleswhile exclusivelyaffecting the endocrine response to
stress among females [neonatalmanipulation: F(1,34)¼ 7.33,p< 0.05,
pharmacological treatment: F(1,34)¼ 5.12, p< 0.05]. In particular,
post-hoc comparisons indicated that the corticosterone levels of
maternally deprived females were significantly lower than hormone
levels of control females, and the Olan treatment showed a strong
tendency to counteract such effect (p¼ 0.05).
3.7. CB1 receptor protein levels
Western blot assays were performed to evaluate the relative
amount of CB1 receptor in whole hippocampal homogenates of
each of the experimental groups. The three-way ANOVA rendered
a significant effect of the interaction between neonatal manipula-
tion and pharmacological treatment [F(1,40)¼ 7.71, p< 0.01].
Additional analysis revealed a significant effect of the neonatal
manipulation among vehicle treated animals [F(1,20)¼ 16.08,
p¼ 0.001] whereas no relevant effect was observed in Olan treated
animals. Therefore, present analysis revealed a reduction in the
expression of CB1 receptor protein in the hippocampus as
a consequence of theMD protocol in vehicle-treated animals (Fig. 6,
panel B) and such an effect was no longer observed in animals
administered with Olan during adolescence. Thus, Olan seemed to
counteract the MD-induced decrease in hippocampal CB1 receptor
protein expression.
4. Discussion
Schizophrenia is a neuropsychiatric disorder with a neuro-
developmental origin whose symptoms usually manifest after
puberty. A wide range of cognitive domains are compromised in
this illness, as well as emotionality and stress responsiveness.
Table 3
Plasma glucose levels.
PND 39 PND 49 PND 75
Males Co e Vh 109.7 2.5 115.1 2.5 95.3 4.0
Co e Olan 110.6 5.2 115.2 5.1 101.1 3.5
MD e Vh 107.9 3.0 116.3 2.4 98.8 4.2
MD e Olan 110.3 1.9 108.9 2.8 101.6 2.7
Females Co e Vh 101.8 2.4 101.8 3.2 92.2 3.8
Co e Olan 103.4 2.7 101.8 2.4 95.6 5.1
MD e Vh 98.7 4.0 97.4 3.3 89.4 5.5
MD e Olan 102.8 3.4 99.0 3.0 96.1 5.4
Plasma glucose levels (mean SEM), expressed as mg/dl, from control (Co) or
animals exposed to the early maternal deprivation protocol (MD, 24 h at PND 9) and
administered with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adoles-
cence (from PND 28e49). n¼ 9e12 per experimental group.
ANOVA (p< 0.05), a significant overall effect of sexwas revealed (see text for details).
Fig. 4. Triglyceride levels. Histograms (mean S.E.M.) represent the plasma concentration of triglycerides (mg/dl) from control (Co) or animals exposed to the early maternal
deprivation protocol (MD, 24 h at PND 9) and administered with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from PND 28 to 49). n¼ 8e12 per
experimental group. Tukey post-hoc comparisons: * p< 0.05 vs Co-Vh; # p< 0.05 vs Co-Olan from the same sex group.
Fig. 5. Corticosterone response to stress. Histograms (mean S.E.M.) represent plasma
corticosterone levels following exposure to the PPI protocol in control (Co) or animals
exposed to the early maternal deprivation protocol (MD, 24 h at PND 9) and admin-
istered with vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from
PND 28 to 49). n¼ 8e12 per experimental group. ANOVA (p< 0.05), (a) significant
overall effect of sex; Tukey post-hoc comparisons: * p< 0.05 vs Co-Vh; { p< 0.05 vs
MD-Vh from the same sex group.
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Present findings suggest that early MD may represent a useful tool
to investigate some (although not all) behavioral impairment with
a neurodevelopmental origin that might be accompanied by
metabolic and endocrine disorders.
In accordance with previous studies (Llorente et al., 2011), MD
induced a remarkable impairment of recognition memory among
adolescent animals in the novel object test, proposed as a useful
animal tool to assess cognitive dysfunction (Neill et al., 2010). In
this regard, deficits in recognition memory have been described in
several animal models of psychopathology based on the neuro-
development hypothesis, such as maternal separation (180 min
from PND 2 to PND 21) (Aisa et al., 2008) and prenatal immune
challenge (Ito et al., 2010). Despite atypical antipsychotics have
been reported to attenuate cognitive deficits in animal models
relevant to psychiatric diseases (Neill et al., 2010) we failed to
observe a reversal in the cognitive impairment induced by MD by
Olan administration. In contrast, Olan administration during
adolescence in our rats induced a deleterious effect in the novel
object recognition test, particularly among male animals. In fact,
atypical antipsychotics, including Olan, have been reported to
impair cognitive function following acute and chronic administra-
tion in some rodent studies (Didriksen et al., 2006; Levin et al.,
2005; Skarsfeldt, 1996; Terry et al., 2008). However, antipsychotic
agents have been reported to be either neutral or deleterious to
cognitive function in healthy individuals, although improvements
have been observed in impaired individuals (Marston et al., 2009).
Understanding the neural mechanisms at the basis of the cognitive
impairment observed in MD animals would shed light on possible
new targets for the management of cognitive dysfunction in
schizophrenia, and/or in other psychopathologies with a neuro-
developmental origin. Moreover, discrepancies on the efficacy of
atypical antipsychotics in this (MD) and other animal models as
well as in human studies may reflect differences in the ethiopa-
thology of such disorders that might be worth investigating.
PPI has been widely used as a measure of sensorimotor gating,
and deficient PPI has been reported in a number of neuropsychiatric
disorders [see Li et al., 2009 for review]. In this regard, PPI
disruptions have been previously reported as a consequence of
MD (Ellenbroek and Cools, 2002), although present and previous
experiments (Llorente-Berzal et al., in press) failed to show such
impairments in PPI performance. PPI has been claimed to be strain-
specific [see for example Drolet et al., 2002; Weber and Swerdlow,
2008], and evidence for and against PPI independency of the
baseline startle reaction is presently available (Csomor et al., 2008;
Millstein et al., 2006; Pietropaolo and Crusio, 2009). MD impair-
ments in PPI may depend upon strain and/or substrains as well
as upon baseline startle responsiveness tightly related to animals’
emotional status. Furthermore, post-weaning handling has been
reported to prevent and/or attenuate the isolation rearing-induced
deficits in PPI (Krebs-Thomson et al., 2001; Rosa et al., 2005), thus
an influence of the handling required to perform our experimental
protocol, i.e. daily body weight control and behavioral testing
(NOT), may have affected the behavioral response observed in PPI.
Olan administration during adolescence did not modify PPI
response, although a sex-dependent effect on the startle response
was observed, Olan administration augmented startle reactivity
exclusively among males. Since no deficit in PPI was observed due
to the MD protocol, no Olan effects were expected in control or MD
animals (Geyer et al., 2001).
Previous studies have reported impairments in the
hypothalamus-pituitary-adrenal axis as a consequence of a MD
episode (Levine et al., 1991). Particularly, MD seem to render adults
less responsive to a mild stress in a sex-dependent manner
(Suchecki and Tufik, 1997). Accordingly, a decrease in the stress-
induced corticosterone response (i.e. exposure to PPI) was
observed among adult females early exposed to the MD protocol.
Sex differences in stress responsiveness might be influenced by sex
hormones, reported to be modified by this MD protocol (Viveros
et al., 2010b, 2009), and also by additional changes in endocrine
systems since early MD has been proposed to compromise the
development of hypothalamic circuitries (Oomen et al., 2009;
Schmidt et al., 2006; Viveros et al., 2010a,b). Regarding the phar-
macological treatment, Olan was devoid of effects in the stress-
induced corticosterone response in control animals while
normalizing the MD-induced decrease in corticosterone response.
In the present study, MD has induced a persistent reduction in the
expression of CB1 receptors within the hippocampus. Previous
experiments have pointed at the hippocampus as a brain region
particularly sensitive to the MD effects (Llorente et al., 2007, 2009;
Roceri et al., 2002), and changes in the endocannabinoid system
have also been reported (Suarez et al., 2009, 2010), particularly
a decrease in CB1 receptor immunoreactivity in fibers within CA1 and
CA3hippocampal brain regions at PND13 (Suarez et al., 2009). Despite
the existing controversy on the role of the hippocampus in object-
recognition memory (Mumby, 2001), some authors have provided
support for the conclusion that the hippocampal region is important
for recognitionmemory [see Broadbent et al., 2004; Clark et al., 2000;
Hammond et al., 2004 as examples]. Given the central role played by
thehippocampal cannabinoid system in cognitive function (Riedel and
Davies, 2005), we suggest that the MD-induced impairment in
recognition memory may be related to the reported decrease in CB1
receptor expression within the hippocampus. However, the cognitive
deficit observed as a consequence of the adolescent Olan adminis-
trationwas not accompanied by changes in hippocampal CB1 receptor
expression. Therefore, differential neuralmechanisms for the reported
cognitive disruption might be hypothesized. No effects of atypical
Fig. 6. CB1 receptor expression within the hippocampus. A. Representative Western
blot immunoassay of CB1 receptor protein from whole tissue homogenates of the rat
hippocampus from the different experimental groups: control (Co) or animals exposed
to the early maternal deprivation protocol (MD, 24 h at PND 9) and administered with
vehicle (Vh) or olanzapine (Olan, 7.5 mg/kg/day) during adolescence (from PND
28e49) (see text for methodological details). B. Quantification of CB1 receptor.
Histograms (mean S.E.M.) represent the percentage of the relative change in blots’
optical density from male control-vehicle (CoVh) group. n¼ 6. ANOVA (p< 0.05), (b)
significant overall effect of MD.
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antipsychotics on CB1 receptor expression within the hippocampus
have been previously observed, although other brain areas have been
reported to be affected, i.e. nucleus accumbens (Sundram et al., 2005)
and forebrain regions (Wiley et al., 2008). However, adolescent Olan
administration seemed to have attenuated the MD-induced changes
in hippocampal CB1 receptor expression. Such an observation might
result from a disruption in the normative developmental trajectories
of the endocannabinoid system at the adolescent age, when matura-
tional processes are still occurring, by Olan administration. Further
investigation on the long-lasting neurobehavioral consequences of
atypical antipsychotics is an issue of major health concern.
Last but not least, MD induced a decrease in body weight gain in
both male and female animals that lasted from the day after
deprivation, PND 10, until the beginning of adolescence, PND 27. No
longer were differences in body weight gain observed in the
present experiment. This MD-induced decrease in body weight
gain was not accompanied by changes in glucose or triglyceride
plasma levels measured at different time points. Previous studies
have reported endurable changes in body weight gain as a conse-
quence of the MD protocol (Llorente et al., 2007; Viveros et al.,
2009) as well as long-term decreases in leptin and adiponectin
circulating levels (Viveros et al., 2010a). Despite the lack of evidence
from present findings, the MD protocol has been proposed to affect
the development of hypothalamic circuitries involved in metabolic
homeostasis and food intake regulation (Viveros et al., 2010b), thus
providing a suitable animal model for the investigation of meta-
bolic disorders with a neurodevelopmental origin. An increase in
bodyweight gain has often been reported as a consequence of adult
Olan administration (Shobo et al., 2011; Stefanidis et al., 2009;
Weston-Green et al., 2010), with male rats being less sensitive
than females to the Olan-induced effects in weight gain (Albaugh
et al., 2006; Pouzet et al., 2003). In the present study females
were indeed more sensitive to the Olan-induced effects on body
weight gain, although such effects were in the opposite direction,
that is, a reduction in body weight gain in the long-term.
Discrepancies between present and previous results may rely on
differences in age of treatment (i.e. adolescence), Olan dosage
(7.5 mg/kg/day) and/or animal strain (Wistar rats). Indeed, most of
the studies aimed at investigating Olan-induced metabolic adverse
side-effects have employed SpragueeDawley rats (not Wistar) as
experimental subjects and have focused in adult drug administra-
tion (not adolescent). In humans, vulnerability to Olan-induced
body weight gain seems to have a genetic base, and an influence
of several polymorphisms have been recently described (Ellingrod
et al., 2007; Laika et al., 2010). Our results do not show Olan-
induced body weight gain, thus suggesting that the present
protocol of adolescent Olan administration in drinking water may
not be suitable to investigate the considerable weight-gain
observed following Olan administration. Discontinuation of Olan
administration diminished levels of plasma TG levels in the long-
term (at PND 75) among control animals, but not in MD ones.
Present findings suggest an altered metabolic status in MD animals
(i.e. changes in body weight gain) although no changes in glucose
or lipid metabolism could be detected. However, consequences of
adolescent Olan administration differed between control and MD
animals, thus indicating that this neonatal stressmight have altered
neural and/or endocrine targets of Olan function. Additional
metabolic parameters, such as fat accumulation, and endocrine
mediators of feeding behavior deserves further investigation.
5. Conclusions
Present findings provide evidence for MD as a valuable animal
model for the investigation of some aspects of metabolic and
behavioral disorders with a developmental origin. Cognitive
function and body weight gain are critically impaired in MD
animals, although no changes in sensorimotor gating were
observed. Herein, MD was also employed as a suitable tool to
investigate the long-lasting consequences of adolescent antipsy-
chotic administration. Despite further investigation on the inter-
actions between MD and antipsychotic administration is urgently
needed, present data indicate that chronic Olan administration
during adolescence successfully attenuated some detrimental
effects of MD, i.e. the decrease in hippocampal CB1 receptor
expression, as well as the diminished stress-induced corticosterone
response observed in MD females. Animal models of psychiatric
disorders, such as MD, are essential for the investigation of the
neural basis of functional impairments that are also observed in
psychiatric patients. The evaluation of the efficacy of existing and/
or novel drugs (i.e. Olan) once the disorder has emerged is one of
the utilities of these animalmodels. In turn, prevention strategies in
the field of psychiatrymay also benefit from animalmodels. Indeed,
the administration of antipsychotic drugs during adolescence has
been reported to prevent the emergence of brain structural changes
in a different neurodevelopmental animal model of schizophrenia
(Piontkewitz et al., 2009). In conclusion, further investigation on
the interactions between early life stress and antipsychotic drugs is
an issue of great health concern, and both sex differences and age
have to be considered as critical factors in this field of research.
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